Gravity gradient study by Bell, C. C.
i HUGHES i 
L- - - - - - - - - - - - - - - - - -J  
HUGHES A I R C R A F T  C O M P A N Y  
FINAL REPORT 
CONTRACT NAS 8-24788 
GRAVITY GRADIENT STUDY 
JULY 1971 C.C. BELL 
-/-- 
f 
G f l ~ ~ ~ - ~ ~ - f 2 3 4 8 9 )  GRAVITY G R A D I E N T  STUDY H72-18328 
F i n a l  Report C . C .  B e l l  (Huqhes Research 






i _-- - -- 
https://ntrs.nasa.gov/search.jsp?R=19720010678 2020-03-23T14:22:14+00:00Z
HUGHES RESEARCH LABORATORIES 
Malibu, California 
a division of hughes a i r c r a f t  company 
GRAVITY GRADIENT STUDY 
FINAL REPORT 
Contract  NAS 8- 24788 
C. C. Bell 
Explora tory  Studies Depar tment  
sponsored by 
NATIONAL AERONAUTICS AND SPACE ADMNISTRATION 
GEORGE C. MARSHALL SPACE FLIGHT CENTER 
Huntsville, Alabama 
S E C T I O N  I 
INTRODUCTION 
A. BACKGROUND 
F o r  the pas t  s e v e r a l  yea.rs, we have been engaged in a r e s e a r c h  
and development  p r o g r a m  to demons t r a t e  the feas ib i l i ty  of m e a s u r i n g  
\ 
m a s s  dis t r ibut ions  of the ea r t h ,  moon, and o ther  c e l e s t i a l  bodies b y .  . 
detect ing the  spa t i a l  g rad ien t s  of t he i r  f i e lds  f r o m  orbi t ing veh ic les  
us ing rota t ing g rav i ty  g r ad iome te r s .  In a continuing effor t  suppor ted 
by i n t e rna l  HAG funding and a s e r i e s  of con t rac t s  with NASA 2nd the  
A i r  F o r c e ,  we have  shown the engineer ing feas ibi l i ty  of the rota t ing 
g rav i ty  gradiometer  concept through the des ign,  fabr ica t ion,  and demon-  
s t r a t i on  of a l abo ra to ry  r e s e a r c h  mode l  which h a s  the  sensi t iv i ty  r e -  
qu i red  fci- many  of the potelltial applicat ions.  We have  a l s o  c a r r i e d  out  
2 r_l_lrr2h-r nf a ~ p l i c a t i o n s  s tudies  that  show that  th i s  s e n s o r  wil l  have 
s ignif icant  sc ient i f ic  and engineer ing value i n  e a r t h  geodesy p r o g r a m s ,  
both o rb i t a l  and a i rbo rne ,  in the investigation of the a s t e ro id  bel t ,  in  
the explora t ion of the ou t e r  p lanets  and the i r  s a t e l l i t e s ,  and i n  fu tu re  
l una r  explora t ion.  
One of the impor tan t  f i r s t  s t ep s  in th is  continuing explora t ion 
p r o g r a m  would be  a detai led su rvey  of the whole moon  f r o m  spacec r a f t  
in  v e r y  low o rb i t s  to  obtain a c c u r a t e ,  high resoluti.on informat ion on 
the  t e r r a i n ,  elevation,  e lec t romagne t ic  f ield,  and g rav i ty  f ield d i s t r ibu-  
t ions.  The a t t a inment  of a complete ,  high resolut ion g rav i ty  anomaly 
m a p  e a r l y  in the p r o g r a m  will have a s ignif icant  impac t  on all the fu tu re  
f l ights ,  f o r  a detai led knowledge of both the frontsi.de and the backside  
g rav i ty  f ield wil l  enable tile m i s s i o n  p r o g r a m m e r s  to  i n s e r t  and ma in -  
t a in  orbi t ing vehic les  in v e r y  low o rb i t s  ( l e s s  than 20 k m )  that  could 
not  be  a t t empted  with ou r  p r e sen t  knowledge of the  l una r  g rav i ty  field. 
In addit ion,  the high resolut ion m a p s  of the g rav i ty  anoma l i e s  wil l  sug-  
ge s t  impor tan t  fu tu re  l ander  and r o v e r  t a r g e t  r eg ions ,  and the  p r e c i s e  
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S E C T I O N  I 
INTRODUCTION 
BACKGROUND 
F o r  the past severa l  years ,  we have been engaged in a r e sea rch  
and development program to demonstrate the feasibility of measuring 
I 
m a s s  distributions of the ear th,  moon, and other celest ia l  bodies by 
detecting the spatial  gradients of their  fields f r o m  orbiting vehicles 
using rotating gravity gradiometers .  In a continuing effort supported 
by internal HAC funding and a s e r i e s  of contracts with NASA and the 
Air  Force ,  we have shown the engineering feasibility of the rotating 
gravity gradiometer concept through the design, fabrication, and demon- 
stration of a laboratory r e sea rch  model which has  the sensitivity r e -  
quired for many of the potential applications. We have also ca r r i ed  out 
a number of applications studies that show that this sensor  will have 
significant scientific and engineering value in ear th  geodesy programs,  
both orbital  and airborne,  in the investigation of the asteroid belt, in 
the exploration of the outer  planets and their satell i tes,  and in future 
lunar exploration. 
One of the important f i r s t  steps in this continuing exploration 
program would be a detailed survey of the whole moon f rom spacecraf t  
in very low orbits to obtain accurate ,  high resolution information on 
the te r ra in ,  elevation, electromagnetic field, and gravity field distribu- 
tions. The attainment of a complete, high resolution gravity anomaly 
map  ear ly  in the program will have a significant impact on a l l  the future 
flights, for a detailed knowledgeof both the frontside and the backside 
gravity field will enable the mission programmers  to inser t  and main- 
tain orbiting vehicles in very low orbits ( less  than 20  km) that could 
not be attempted with our present  knowledge of the lunar gravity field. 
In addition, the high resolution maps of the gravity anomalies will sug- 
gest important future lander and rover  target  regions, and the prec ise  
knowledge of the gravity anomalies in  the landing region will reduce 
the fuel margins  required for a given targeting accuracy. An essent ial  
f i r s t  element, therefore,  in any future program of lunar exploration i s  
the development of an  orbiting gravity gradiometer to obtain the detailed 
gravity anomaly map. 
We envision a spinning lunar orbi ter  inser ted into a polar orbit  
a t  approximately 30 k m  altitude containing a high sensitivity, rotating 
gravity gradiometer with a fast  t ime constant and its  resonant frequency 
tuned to twice the spacecraf t  spin frequency and rotated by the space- 
c r a f t  rotation. The data f r o m  both backside and frontside gravity g r a -  
dient measurements  would be s tored in the spacecraf t  and transmitted 
to ear th once every  few days. In fourteen days the entire lunar surface 
would have been mapped to 30 km resolution. This data, since i t  is  a 
direct  measurement  of the gravity field a t  the measurement  point, needs 
mere ly  to be coordinated with the satell i te position data in order  to 
obtain a gravity anomaly map and does not need the extensive data 
processing that doppler tracking data requires .  With the new gravity 
m a p  available, i t  i s  then poss ib le to  safely lower the vehicle orbi t  to 
15 k m  o r  lower to obtain even higher resolution maps. 
The following i s  a summary  of what would be obtained f r o m  a 
completed lunar gravity gradiometer experiment. It can be seen that 
the applications that fall  under the heading of engineering a r e  a t  leas t  
a s  important a s  the science. 
EXPERIMENT OBSERVABLES 
Gravity gradient with threshold of l e s s  than 1 E. U. when space- 
c raf t  i s  in view f r o m  earth o r  out of view (includes backside). 
Absolute gravity i s  obtained by processing the above observa- 
tions, and produces accuracy and resolution comparable to 
previous techniques, but includes the backside for  the f i r s t  time. 
Performance of the gradiometer instrument for engineering 
evaluations. 
SCIENCE OBJECTIVES AND EXPECTATIONS 
Produce a gravity gradient and absolute gravity map  of the en- 
t i re  lunar surface overflown by the spacecraft .  This will be a 
band in latitude between + and - the value of spacecraf t  orbi t  
inclination to the lunar equator. (Obviously, i t  i s  preferable to 
map f rom a polar orbit. ) 
The above gravity maps can then be correlated with visible 
features ,  par t icular ly those backside basins and a r e a s  which 
differ so markedly f r o m  the frontside. We can  expect the 
scientific implications for  the backside to be substantial, pe r -  
haps even a s  significant a s  those for  the 4rontside. 
The above leads logically to physical interpretation of the r e -  
sults and their  impact on the various theories of lunar his tory 
and formation. Judging f r o m  previous lunar gravimetr ic  work 
and the effects i t  had on lunar science, we a r e  safe in predicting 
dense, valuable scientific fallout f rom these observations. 
The frontside observations provide an  independent check of 
previous work. 
It i s  likely that shape parameters  for  the mascons can be ob- 
tained, particularly since both gradient and absolute gravity 
a r e  determined accurately. 
Successful engineering evaluations of this new instrument,  in a 
space and spacecraft  environment not achievable on ear th,  may 
go a long way toward preparing this instrument for  the ear th-  
satell i te o r  even a i r c ra f t  applications with all of the ensuing 
implications for  ear th  physics and ear th  resources .  
ENGINEERING OBJECTIVES AND EXPECTATIONS 
The present  e r r o r s  in prediction of future spacecraft  positions 
a r e  due pr imari ly  to lack of lunar fars ide gravity data. This 
experiment will produce a dense coverage of the lunar backside. 
With the data in hand, we can proceed to produce a gravitational 
model of the moon within the band overflown by the spacecraf t  
which will significantly reduce the navigation e r r o r s  noted above. 
This should make possible the reduction of fuel expended in 
lunar landing maneuvers.  It should permit  pinpoint landing 
based upon earth-based tracking, allowing manned and/or  un- 
manned prec ise  landing. This could be of cr i t ical  importance 
to future lunar exploration, and have cost and mission impacts 
of large magnitude. 
The above capabilities in navigation affect mission safety, 
rescue ,  docking, landing accurac ies ,  fuel consumption, and 
many other cr i t ical  parameters .  
B. OVERVIEW OF ACCOMPLISHMENTS TO DATE 
1. Pro jec t  History 
The ultimate objective in the development of rotating gravita- 
tional gradient sensor s  i s  a c l a s s  of small ,  lightweight, rugged sensor s  
of high sensitivity and precision which may be used to measure  accur -  
ately and rapidly the details of the gravity field during airborne o r  
orbi ta l  surveys and a s  a component in an iner t ia l  guidance sys tem to 
remove the effects of gravitational anomalies on the ultimate sys tem 
performance. 
The objectives of the initial r e sea rch  programs were to investi- 
gate the engineering feasibility of the basic concept, to develop sensor  
s t ruc tures  which would operate a t  a high sensitivity level both in f ree  
f a l l  and in 1 g environment, to measure  the sensor ' s  sensitivity to 
gravitational fields,  and to investigate the sources of noise produced 
by the rotation of the sensor .  A torsionally flexible s t ruc ture  utilizing 
piezoelectric readout was found to be a suitable design and offers a 
significant improvement over other possible gradiometer designs. It 
h a s  the capability of being operated in an  earthbound laboratory environ- 
ment  while s t i l l  maintaining the high sensitivity and signal-to-noise 
rat io  required to measure  gravitational gradients a s  low a s  sec  - 2  
(1  Eotvos unit (E. U. ) ). This combination of rugged construction and 
low threshold has been displayed in our  experimental work. In 1965 
gravitational gradient sensor s  were  calibrated in the laboratory by 
means of a dynamic gravitational gradient generator and demonstrated 
a threshold sensitivity below sec -2  (1 E. U. ). Subsequently, in 
1967, the sensor  detected the gradients of stationary m a s s e s  while 
rotating on a soft-mounted suspension. The present  noise level of this 
sensor  i s  *1 E. U. (1 cr a t  an integration t ime of 10 sec). 
During 1969 under Contract NAS 8-24788 for  NASA, we car r ied  
out a study of the utilization of the rotating gravity gradiometer for 
mapping of the lunar gravity field. In addition to a spacecraf t  design 
study, we ca r r i ed  out a n  experimental simulation where we used lead 
m a s s e s  to c rea te  gravity gradient fields that had exactly the same 
magnitude and time variation a s  the gravity gradient signals that would 
be expected f r o m  an  orbiting vehicle around the moon. During the pro-  
g r a m  we constructed and demonstrated a gravity gradiometer that r e -  
solved the gravity gradient signals of two closely, spaced m a s s e s  and 
measured a relative amplitude difference of 2 E. U. with t ime constants 
( 3  to 10 sec )  appropriate for lunar  orbi ta l  measurements .  This work 
i s  detailed in the contract report  dated January 1970 and i s  summarized 
in the Appendix of this repor t  (presented a t  the Symposium on Dynamic 
Gravimetry in March ,1970). 
2. Current  P r o g r a m  
During the past year a s  a continuation to the above discussed 
NASA contract,  we tested a laboratory model of a gradiometer with a 
2 Hz resonant frequency. The purpose of this development was to de- 
termine sensor  operability and stability. Pre l iminary  tes t s  were run 
on various types of piezoceramic mater ia l s  to determine the mater ia l  
leas t  affected by temperature.  
A laboratory model of the sensor  was assembled and run through 
various temperature cycle tes ts  to  establish the changes in resonant 
frequency, sensor  Q, and scale factor with shifts in temperature.  The 
tes t s  showed a resonant frequency shift of l e s s  than 0. 002 H Z / C O .  This 
frequency shift would cause a slight shift in scale factor,  but using a 
low Q sensor  (Q = 40 to 80) with thermis tor  monitoring of temperature 
data to *O. 1°c,  the scale factor shift could be easily calibrated out. 
Q shifts for the sensor  without resonant tuning were large 
(approximately 5070 over the temperature range). However, with the 
appropriate tuned circui t  on the sensor  output, Q shifts were minimized 
0 0 
and ove r ' a  temperature range of 25 C to 45 C showed a maximum 
deviation of *570. This sca le  factor e r r o r  could a l so  be easi ly  calibrated 
out with temperature knowledge. 
The sensor  was then excited with rotating gravity gradient fields 
to tes t  i ts  long t e r m  stability a t  ambient temperature (uncontrolled room 
temperature approximately 72 f OF). The driving field was approxi- 
mately 520 E. U. Results of these tes t s  indicated that the amplitude 
(inphase) signal was quite stable over periods of up to 12 hours  ( r m s  
dr i f t  over 12 hours  was l e s s  than 10 E. U. and was assignable to a 
0 temperature shift of 1. 5 C over the duration of the test) .  There was, 
however, some phase shift due to slight changes in resonant frequency 
with temperature;  this effect was very  noticeable because of the high 
Q of the sys tem and would be reduced if a lower Q sensor  were used. 
Low frequency acceleration noise was also evident and indicated 
the necessity of balancing future tes t  models to improve their  acce lera-  
tion rejection capabilities. 
S E C T I O N  I 1  
TECHNICAL DISCUSSION 
A. THEORY OF SENSOR OPERATION 
The instrumentation used in this experimental program was the 
Hughes rotating gravitational gradient sensor .  A, laboratory model of 
this instrument i s  shown in Fig. 1, and a schematic of the method of 
operation i s  shown in Fig. 2. 
The basic concept of the rotating gravitational gradient sensor  
i s  a s  follows. If a sys tem of proof m a s s e s  i s  rotated in the s tat ic  
gravitational field of an  object, the gravitational force gradient of this 
field will induce dynamic forces  on the proof masses  with a frequency 
which i s  twice the rotation frequency of the system, while iner t ia l  
effects caused by accelerations of the proof m a s s  mounting s t ruc ture  
will induce forces  with a frequency a t  the rotational frequency. The 
strength and direction of the gravitational force gradient can be deter-  
mined independently of the iner t ia l  forces  by measuring the amplitude 
and phase of the vibrations induced in these proof masses  a t  the doubled 
frequency. Analysis shows that the sensing of the gravitational gradient 
will s t i l l  occur if the proof m a s s  sys tem is  in f ree  fall. More specifi-  
cally, the proof m a s s  sys tem used is a sys tem of m a s s e s  coupled to- 
gether with springs in a geometry which becomes a rotating differential  
angular accelerometer .  
In general the gravitational field potential a t  a distance R f r o m  
a m a s s  point M is  given by 
3 2 where the universal gravitation constant G = 6. 67 x 1 0 - l 1  m /kg sec  . 
The second o rde r  gradient of the gravitational potential is  given by the 
symmetr ic  tensor:  
F i g .  1 . T o r s i o n a l  G r a v i t y  G r a d i o m e t e r .  
.-- 
F i g .  2 .  T o r s i o n a l  G r a d i o m e t e r  i n  F r e e  F a l l .  
o r ,  in F i g .  2, 
when the x axis i s  aligned along the radius R. 
The sensor  rotates  about i ts  torsionally resonant axis through 
an angle 6 = at ,  where w i s  exactly one-half the tors ional  resonant f r e -  
quency. A force analysis diagram of the sensor  i s  shown in Fig. 3. 
Only the torque between the sensor  a r m s  i s  coupled into the 
sensor  output. This torque i s  given by 
where 
TA = torque on a r m  A 
TB = torque on a r m  B. 
F i g .  3 .  S e n s o r  F o r c e  A n a l y s i s  D i a g r a m .  
If the forces  on the ends of the a r m s  a r e  resolved into their  x 
and y components and the indicated vector products a r e  taken ( a r m  A 
only), 
T~ = m r  [ (a lx  - a ) sin 0 t (a - a ) cos Q] , 3x 3Y lY (5) 
where a lx ,  a l y 9  a 3x' and a a r e  the components of the gravitational 
3~ 
acceleration field. If we assume that the field i s  l inear over the dimen- 
sions of the sensor ,  I 
a - a = - 2r(rxx cos 8 t I7 s in  8) , l x  3x XY 
where r 5 (aax/ax) and r (aa,/ay); s imilar ly,  
XX x Y 
a - a = + 2r(T sin 0 t r  cos 8)  9 
3Y l y  YY YX 
where r = r because of symmetry.  
YX XY 
Substituting (6)  and (7 )  in (5),  
2 2 2 TA = m r  [ 2 ( r y y -  r ) s i n 0  cos Q t 2 r  (cos Q - sin Q ) ] ;  
XX XY 
substituting double angle identit ies,  
2 
TA = m r  [(ryy - Txx) sin Z Q  t 2 r  cos 281 . 
XY 
A s imi lar  analysis  will show that 
- 
L 
Tg - - mr [(ryy - rxx) sin 2Q t 2 r  cos 201 ; XY 
finally 
A T  = T ~ - T ~  - 2 2 - m r  [ (ryy - T xx ) sin 2wt + Z r  cos  Zwt] , X Y  
where 6 = wt. 
Using the values for  rxx and r of (3) in  ( l l ) ,  we may now 
YY 
evaluate the differential torque a s  
6GM mr 2 A T  = - sin 20t , 
2R3 
o r  substituting the character is t ic  length of the sensor  1 = 2r,  
2 
GM ml sin 2wt A T  = - 
R~ 
The angular resonant deflection between the two quadrupoles of 
the sensor  rotating a t  one-half i t s  torsional resonant frequency w n = 20  
with an  associated quality factor Q i s  therefore 
2 
where I = ml 12 i s  the quadrupole inertia.  
The angle 6 i s  extremely small .  Surface gradients produced by 
the moon (1800 E. U. ) will produce angular deflections of 5 x rad  
in the 2 Hz tors ional  sensor  design (Q = 300, w = 6 r ad l sec ) ,  while use-  
ful threshold signals of 1 E. U. produce angular responses of % 10- lo  rad. 
It is now necessary  to transduce this mechanical motion into an 
e lec t r ica l  signal for processing and transmission. This i s  accomplished 
by using a flexural pivot a s  the torsional spring and affixing a bar ium 
titanate s t ra in  t ransducer  to one of the flexural spring leaves ( see  
Fig. 4). These t ransducers  have been found to be m o r e  than adequate 
F i g .  4 .  
T y p i  c a l  F l e x u r a l  
P i v o t .  
B. ELECTRONIC COUPLING INTO SENSOR 
1. Theorv 
In o rde r  to optimize the coupling between the sensor  and the f i r s t  
s tages of amplification to obtain an improved signal-to-noise ratio,  we 
have used a passive matching circui t  to cancel out the capacitive reactive 
impedance of the piezoelectric s t ra in  t ransducers .  This allows the in- 
put of the preamplifier to couple direct ly  to the mechanical impedances 
of the sensor  s t ruc ture  itself and lowers the effective impedance levels 
of the ent i re  system, giving i t  l e s s  susceptibility to  pick up and lower 
Johnson noise. 
The equivalent electromechanical circuit  for the sensor  and the 
piezoelectric c ircui t  without matching can be represented by the i l lus- 
t ra ted  circui t  (see Fig. 5)  where I ,  S, and D a r e  the iner t ia ,  spring 
constant, and damping of the sensor  s t ructure i tself ,  Tr  = I r  i s  the 
driving torque, and TT i s  the random thermal  torque driving the s t ruc-  
tu re ,  C i s  the inherent capacitance of the t ransducer ,  RA i s  the p r e -  g 
amplifier load impedance, and K i s  the effective coupling of the piezo- 
electr ic  t ransducer .  The t ransducers  can be represented by a t ransformer  
with a turns  ratio of K: 1 where the K t ransforms f rom e lec t r ica l  quan- 
t i t ies  to mechanical quantities at  the same time i t  i s  changing impedance 
levels. We can eliminate the t ransformer  coupling from the equivalent 
c i rcui t  by converting the mechanical components to their  equivalent 
e lectr ical  components ( see  Fig. 6(a)).  
The addition of the tuning tank circui t  paralleling the t ransducer  
output i s  reflected in  the circui t  diagram of Fig. 6(b). 
The equivalent e lectr ical  parameters  of each circui t  may be de- 
termined by measuring the frequency and Q of the sensor  resonance 
both with and without the tuning circui t  and, in addition, measuring the 
frequency and Q of the tuning circui t  alone. This la t te r  t e s t  i s  pe r -  
formed by the circui t  shown in Fig. 7. 











Fig.  5 .  Schematic of Sensor ,  Transducer,  a n d  
P r e a m p l i f i e r .  
(a) untuned 
F i g .  6 .  E q u i v a l e n t  E l e c t r i c a l  C i r c u i t  o f  S e n s o r  and 
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where RL i s  the equivalent paral le l  load resis tance of the coil and am-  
plifier. This resis tance i s  not changed by the addition of the sensor  
equivalent circuit  to the tuning circui t  a s  shown in  Fig. 6(b). The circui t  
of Fig.  6(b) has  a Q given by 
and the untuned circui t  Q (Fig. 6(a)) i s  
where the contribution of the amplifier r e s i s to r  (R ) to the untuned L 
resonant resis tance i s  assumed to be small .  
These two equations may be combined and solved for  Rs 
and we may then solve for  Ls 
and sensor  capacitance 
Sensor gauge capacitance C and the tuning capacitance CE can be 
g' 
measured  directly. 
Once a l l  the components a r e  known, the resonant impedances may 
be determined, the thruput of each circuit  may be calculated, and the 
noise voltage outputs due to resis t ive components may be determined. 
Figure 8 shows the equivalent untuned circui t  a t  resonance. 
Since all  the impedances of this c i rcui t  a r e  now known, the con- 
tribution of each noise source to the voltage output may be determined 
and statist ically summed to obtain a total  noise output figure. Similar 
-L 
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calculations may be used to determine the noise figure of the tuned 
resonant c ircui t  which simplifies to Fig. 9 a t  resonance. The signal- 
to-noise ratio for each circuit  may then be determined and compared. 
2 .  Experimental Results 
Tes ts  were performed on the 2 Hz. sensor  a s  outlined in the above 
section using an electr ical  drive input. The experimental data a r e  given 
below: 
Using the equations developed in  the previous section, the sensor  
electr ical  equivalents may be calculated with resul ts  a s  follows: 
To prove the validity of the model we can now calculate the ex- 
pected ratio of output voltages and compare this calculation to  the 
measured  ratio 
Since these rat ios  a r e  within 10% of each other the validity of the model 
i s  assumed. 
As mentioned in  Section 111-C-1, the sensor  had only one active 
readout gauge, the other having been broken during assembly. The 
signal-to-noise ratios calculated for  this sensor  a r e  contained in  the 
f i rs t  column of Table 1. We can a lso  compare this signal-to-noise rat io  
to the ratio we would obtain i f  both gauges were operating. With both 
gauges the sensor  r e s i s to r  would be reduced by a factor of 4, to  4 M R  
and the gauge capacitance would have doubled o r  the gauge impedance 
would have been lowered to 5 MR. These new impedance values imply 
I 
an untuned Q of 40 and a tuned Q of 14.5. 
TABLE I 
SIGNAL-TO-NOISE 2 HZ SENSOR 
1 Gauge 2 Gauges 
Total Noise Tuned 47.5 nV 64.0 nV 
Noise Untuned 32.0 nV 45. 1 nV 
Signal Tuned 280 mV 500 mV 
Signal Untuned 420 mV 645 mV 
Unfiltered 
(S/WT 5 .9  x 10 6 7 .8  x 10 6 
(S/Wu 13. 1 x 10 6 14.3 x 10 6 
Fi l tered (26 seconds) 
(s/N) 8. 9 x 10 6 86 x 10 6 
(s/NIu 13. 1 x 10 6 57.3 x 10 6 
Table I shows the comparative resul ts .  Note that the tuned S/N 
shows little improvement until i t  i s  f i l tered to the same integration t ime,  
in this example 26 sec  (Q = 166). It should also be noted that doubling of the 
number of gauges increases  the signal to noise by a factor 4 in the untuned 
sensor  and by a factor of 10 ! in  the tuned sensor .  
- -
The noise figure on the tuned sensor  with two gauges i s  approx- 
imately the thermal  noise l imit  (0 .3  E. U. a t  2 sec  (Q = 14. 5) o r  0. 03 
E. U. a t  20 sec).  
S E C T I O N  111 
DISCUSSION OF EXPERIMENTS 
A. EXPERIMENTAL GOALS 
The goal of this contract r e sea rch  was to design a 2 Hz resonant 
frequency breadboard gravity gradiometer  and to determine i t s  noise 
I 
threshold and scale factor when operated in both a ver t ical  and horizontal 
position. An additional purpose was to  determine the effect of tempera-  
ture  on scale  factor,  consequent signal phase, and amplitude drift.  
Data on the temperature tes t s  a r e  contained in  Section 111-C- 1; 
the noise, drift,  and sca le  factor data a r e  reflected in Section 111-C-2. 
B. COMPONENTS DESIGN 
1. Transducer  Material  
T e s t s  were  run on two different types of piezoceramic mater ia l s  
to  determine i f  ei ther mater ia l  showed p re fe r red  charac ter i s t ics  with 
variations in temperature.  The mater ia l s  tested were  barium titanate 
(mater ia l  of Gulton SC-4 s t ra in  t ransducers  used on the 3 1 Hz sensor)  
and lead zirconium titanate (Glennite G- 1500 and Clevite P Z T  -5B). 
Although the manufacturer 's  data on barium titanate indicated consider- 
able variation in piezoelectric charge coefficients, versus  tempera ture  
in the room tempera ture  region and the lead zirconium titanate compounds 
did not, t he re  was little experimental difference between the mater ia l s  
i n  output variation of the t ransducers  ve r sus  temperature.  
All th ree  mater ia l s  exhibited a s imi lar ,  slight degradation of 
' the  output signal with temperatures  i n  the range of 20°C to 45OC with 
the exception of one of the G- 1500 s t ra in  t ransducers  (see Fig. 10). This 
t e s t  indicated that variation of t ransducer  mater ia l  propert ies  with 
tempera ture  does not significantly affect the output of the sensor .  The 
variation between t ransducers  of the same  mater ia l  was grea ter  than 
the variation between mater ials .  
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Results of these t e s t s  indicate that consideration should be given 
to a consistent method of bonding the t ransducer  to the flexure leaf. 
However, '  funding did not permit  such an investigation, and i t  was decided 
to build the sensor  using the cur  rent  bonding technique of cementing the 
t ransducers  with Gulton t ransducer  cement. 
2. Flexure Design 
Because of the requirements  of low torsional  spring r a t e  and 
la rge  t ransducer  a rea ,  the available Bendix flexures were  not sat isfac-  
tory.  It was decided to design a torsional flexure geometrically s imi lar  
to  the Bendix design but of a much l a rge r  diameter to  accommodate the 
mounting of large a r e a  t ransducers .  Sensor a r m  inert ia  (0. 1357 lb-  
2 in. - sec  ) and end spring stiffness (0.817 in. lb / rad)  were  chosen. Using 
the design curves of Fig.  11 i t  was established that the cent ra l  f lexure 
should have a total  stiffness of between 9 to 10 in. lb/rad.  
Standard beam bending formulae were  then used to  determine 
flexure leaf size.  Design calculations were  performed for both aluminum 
and stainless steel,  and pa r t s  were  ordered to  assemble both an al l -  
aluminum and an a l l - s tee l  f lexure.  It was decided to  use the aluminum 
flexure in the final assembly in o rde r  to minimize changing s t r e s s e s  
that would occur between the aluminum pivot and the aluminum a r m s  
with varying temperatures  . 
3. Sensor Design 
The sensor design was based on the torsionally resonant designs 
which have been used in  previous Air Force  and NASA work. However, 
because of the low resonant frequency required, considerable s t ruc tura l  
modification on the sensor  was necessary.  
The sensor  a r m s  were  elongated, heavier end m a s s e s  were  
added, and Bendix flexures were  used a s  end pivots. As already men-  
tioned, the central  flexure was modeled after the Bendix design but was 
two inches in  diameter ,  in order  to accommodate la rger  t ransducers .  
The sensor case  and f r ame  designs were  modified accordingly 
to  fit this new sensor .  
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An exploded view of this sensor  i s  shown in  Fig. 12 and the 
assembled sensor i s  shown i n  Fig. 13 (without the surrounding vacuum 
chamber).  
The sensor  a r m  length i s  4.250 in. and the end m a s s e s  weigh 
438 g rams  each. The calculated a r m  inert ia  i s  0. 1357 lb-in. - sec  2 
(including the self- iner t ia  of the a r m s  and masses) .  The end pivots 
a r e  Bendix flexures P I N  5008-600 with a torsional spring ra te  of 
0.817 in. lb / rad .  The spring ra te  of the central  flexure i s  designed to 
be 9.4 in. lb/ rad (including t ransducers ) .  I 
The expected natural  frequency of the design was 2.0 Hz(* 5 % ) .  
Actual resonant frequency measured  in  the laboratory was 
nominally 2.04 Hz. 
4. Amplifier Design 
A schematic of the amplifier design i s  shown in Fig. 14. 
This amplifier was tested to determine i t s  noise level using the 
same t e s t  setup and signal detection electronics a s  used to  obtain the 
sensor  noise and drift  data - discussed in Section 111-C-2. 
A noise t r ace  i s  shown in Fig. 15. The r m s  value of the elec- 
tronics noise level i s  l e s s  than 0. 1 E. U . ,  integrating over a 10 sec  
time constant. 
After being amplified the signal was processed through a P r ince -  
ton Applied Research Lock-In Amplifier (Model 12 l), where i t  was phase 
detected using a signal f rom the rotating gravity generator a t  twice the 
rotation speed a s  a reference. Because of the high level of acce lera-  
tion noise in the sensor ,  the Lock-In amplifier was operated with a 
100 sec  integration time. Data f r o m  the Lock-In amplifier was recorded 
on an  X -Y recorder .  
C. SENSOR EXPERIMENTS 
1. Temperature Tes ts  
After assembly of the sensor  and support f rame,  a s e r i e s  of 
temperature tes t s  were  run on the sensor  to determine the effect of 
temperature on sensor  re'sonant frequency Q and output voltage. 
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The sensor  was placed in an expanded styrofoam ice  chest that 
was fitted with proportionally controlled res i s tance  heating elements 
mounted on la rge  heat sinks. Tempera ture  control of the chamber was 
maintained to  bet ter  than 0. l o  c by this system. The sensor  was fitted 
with three  piezoelectric t ransducers  (PZT-5B) .  Two of these t r ans -  
ducers  (the output t ransducers )  were  mounted on the end leaves of the 
central  f lexure,  these t ransducers  were  full s ize  covering the ent i re  
a r e a  of the leaf (1.5 in. x 0.25 in. x 0.010 in . ) .  A half-length t r ans -  
ducer (0.75 in. long) was mounted on the center leaf of the flexure to  
be used a s  a driving transducer.  Unfortunately, during assembly,  one 
of the output t ransducers  was broken. It was decided t o  continue using 
only one output t ransducer .  The resulting higher output impedance of 
the sensor  degraded the noise level of the sensor  slightly but did not 
significantly affect the t e s t  results.  
During the temperature tes t ,  data was taken by driving the shor t  
t ransducer  with the output of a General Radio coherent decade frequency 
synthesizer.  The synthesizer i s  capable of being swept through a f r e -  
quency range by the external  application of a dc voltage ramp. The slope 
of the r amp  determines the rate of frequency shift. Ca re  was taken to  
a s s u r e  that the frequency sweep ra te  was slow enough to allow for  the 
fully integrated response of the sensor.  
The frequency was swept over a 0.04 Hz band centered about 
the  sensor resonant frequency. Q curves were  run at  four tempera tures  
between 24OC and 6 0 ' ~  with the spin axis of the sensor  oriented to both 
the vert ical  and horizontal. 
Another se t  of data was run with a high impedance inductor 
(37,000 H) in  paral le l  with the output of the t ransducers .  (For  a dis  - 
cussion of the theory of operation of this tuned circui t ,  r e fe r  to  
Section 11-B. ) T e s t  data  revealed no significant difference between the 
t e s t s  performed with the horizontal and vert ical  tors ional  axes.  
It i s  interesting to  compare the operation of the sys tem with and 
without the tuned circui t  on the sensor  output. F igures  16, 17 and 18 
show these comparisons for  sensor  Q, natural  frequency, and voltage 
output. The most  significant thing to  note in  these data  i s  the reduction 
Fig .  1 6 .  Sensor  Q as a  Funct ion  of  Tempera ture .  
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Fig .  18 .  S e n s o r  Vol tage  O u t p u t  a s  a  Funct ion  of  
Tempera tu re .  
of variation of Q with tempera ture  by use of the tuned circuit .  Over- 
a l l  percent change in  Q was reduced f rom nearly 6070 to  1070 (of the 
mean Q in the tempera ture  range). 
Note, however, that the addition of the tuned circui t  did not 
significantly affect the variation of natural  frequency with temperature.  
The output voltage of the sensor  was reduced by a factor of five 
with the addition of the tuned circuit .  The percent variation of this out- 
put signal remained unchanged, however. 
Note that the effect of tempera ture  on these three  parameters  i s  
linear in  the range of interest ,  with the exception of the variation of Q 
in the tuned sensor .  
The significant charac ter i s t ics  of these  data a r e  summarized in  
the following table. 
TABLE I1 
- 
SENSOR PARAMETER VARIATION WITH TEMPERATURE 
We can now use the natural  frequency, amplitude drift ,  and Q 
drift  with temperature to  calculate the nominal amplitude and phase 
shift with temperature,  assuming the operating speed i s  initially chosen 
0 
a t  one-half the sensor  resonant frequency ($ = 90 ). 
Paramete r .  
Sensor Q 
Natural 
F r equency 
Output 
PHASE ANGLE SHIFT 
Slope 
The phase angle i s  given by 
Range ( ~ 4 ~ C - 5 0 ~ C )  
Untuned 
-6 .05Ioc  
- 0 . 0 0 1 5 ~ z / ~ ~  
- 0 . 0 1 5 4 ~ / ~ ~  
tan $ = k 2 9 
Untuned 




0 a t  35OC 
t 2 . 8  a t  2 4 ' ~  
- 0 . 0 0 1 5 ~ z / ~ ~  
- 0 . 0 0 2 9 6 ~ / O c  
Tuned 
190 - 160 
2.08Hz-2.03Hz 
0.255V-0. 178V 
and the sensor  Q = I w / c  ; c = I o / Q  ; therefore,  at  resonance 
Therefore,  
or  substituting in (20) 
We will now differentiate both s ides  of this equation with tempera ture  
and temporari ly  let  the right side of the equation be equal to  a / b ,  
d 
- (tan + )  = - dT 
da db 
2 d+ - b ( = ) - a ( = )  s e c  9 - -  dT b2 
9 
but 
2 2 2 






which at  + = 90 a r e  0 and 1, respectively. 
Therefore,  
2 2 2 
B u t f r o m e q .  (21), a = o  and b=Q(w - a )  . 
n - n 
Therefore,  
2 2 




The ra te  of change of the sensor  natural  frequency i s  
0.0015 H Z / C O  a s  taken directly f rom the t e s t  data;  therefore ,  with a 
Q of 295 
This i s  the slope of the phase ve r sus  temperature curve a t  90°. An 
0 0 
actual temperature shift of 1 C causes rz 18 phase shift on the signal. 
AMPLITUDE SHIFT 
Since the slope of the amplitude ve r sus  frequency curve  i s  z e r o  
a t  the resonant frequency, there  i s  no amplitude shift due to  dwn/dT. 
There  i s ,  however, an amplitude shift due to dQ/dT. 
Since the equivalent sensor  output will va ry  with Q 
VOLTAGE-TEMPERATURE SENSITIVITY 
The change i n  voltage output i s  an additional amplitude shift 
with temperature.  Expressed in percent, i t  i s  simply 
a TUNED SENSOR VARLATION WITH TEMPERATURE 
All the above calculations can be made with the tuned sensor  
pa ramete r s  with the resul ts  being modified f rom the untuned sensor  
resu l t s  by the difference in  Q and Q slope; i. e . ,  
These dr if t  ra tes  a r e  summarized in Table 111. 
TABLE I11 
I 
AMPLITUDE AND PHASE ANGLE DRIFTS 
WITH TEMPERATURE 
2. Gravity Driven Noise and Drift Tes t  
In order  to  demonstrate the stability of an actual output signal, 
the sensor  was placed in  i t s  vacuum chamber and suspended inside a 
rotating proof m a s s  sys tem known a s  a "gravity generator.  " This t e s t  
setup i s  shown i n  Fig. 19. 
The gravitational signals a r e  generated by two 15.5 kg m a s s e s  
on a rotating turntable. The m a s s e s  rotate about the sensor  and the 
gradients of their  gravity field excite the sensor  a t  twice the rotation 
speed. When the sensor  i s  centered between the m a s s e s  this  provides 
an exact simulation of the gradiometer 'd  gravitational detection method 
but the necessity of rotating the gradiometer i s  obviated, thus elimin- 
ating those sources of noise due to the sensor  rotation. 
The  generator m a s s e s  a r e  separated by 18 in. center-to-center.  
The dynamic driving gradient generated a t  the center  of the 
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P r i o r  to running the stability tes t ,  the m a s s e s  were  rotated through 
resonance and a sensor  Q curve was obtained. This curve i s  shown i n  
Fig. 20. The Q was determined to be 205, with no tuning circui t  
attached to the sensor .  
The difference between the Q of this t e s t  and the Q a s  measured  
in the ear l ie r  tempera ture  tes t s  was not explained. It i s  possible that 
the aging of the epoxy used to  bond the t ransducers  to  the flexure caused 
enough variation i n  the sensor  damping to a l te r  the Q. In any case ,  
this Q t e s t  was repeated severa l  t imes  with the measured Q always 
falling nea r  200. 
Inphase and quadrature sensitivity dr i f t  curves a r e  shown in  
3 
Figs.  2 1  and 22. These test  curves were  run for 4 4 x  10 sec.m 12 hours 
during the evening, to  minimize building and personnel noise. They 
were  run on two different nights, but there  was no change in the t e s t  
setup between the two. Both curves have the same scale  factor which 
can be  evaluated by using the amplitude curve (inphase) where the 
523 E. U .  signal causes  7.2 c m  deflection on the graph. 
The sca le  factor i s  therefore: 
o r  in t e r m s  of t ransducer  output voltage since 1 cm = 1/50 mV on the 
t ransducer ,  the scale  factor i s  276 nV/E. U. The noise level of each 
curve  can be evaluated using the a r e a  integration technique. The 
noise level i s  evaluated by noting that the a r e a  between a random 
noise curve and i t s  mean equals U /c when the a r e a  i s  nor -  
malized to one-half. F o r  a noise t r ace  "a" centimeters long, the stand- 














w h e r e  A is  t he  a r e a  between the  cu rve  and i t s  mean.  
In th i s  c a s e  a - 2 1  c m  and 
A = 0.66 c m  2 inphas  e 
2 
= 1.145 c m  . Aquadratur  e 
The re fo r e ,  
u = 0.03935 c m  inphas  e 
and 
u = 0.0685 c m  , quad 
o r  multiplying by the s c a l e  fac to r  of 72.6 E. U. / c m  
u inphas  e = 2.9 E.U. 
u = 5.0 E. U. quad ra tu r e  
L inea r  d r i f t  on t h e  inphase  cu rve  c a n  a l s o  b e  evaluated a s  5 m m / 1 2  hou r s  
o r  
36.3 E.U. 
5(7.26) 1720 m i n  = 0.0504 E. U. /min.  
T h e s e  d r i f t  f igures  m a y  now be ref lec ted back with the  a id  of the  t e m -  
p e r a t u r e  sensit ivi ty da ta  t o  de t e rmine  t he  equivalent t e m p e r a t u r e  d r i f t  
which could have caused  t h e s e  e r r o r s .  
TEMPERATURE DRIFT 
With 36 E. U. dr i f t  in  12 hours  o r  361523 '2 7% of the signal, 
i t  would take a room temperature shift of just over 1. 6 O c  over the 
evening to cause such an output shift. This a s sumes  a Q of 195 with 
the untuned Q drif t  ve r sus  tempera ture  6 . 0 5 1 ~ ~  or  IQ = 3. l % l o c ;  dT 0 
this added to the voltage shift of -1. 2%1°.c = a total  shift of -4. 3%1°c. 
This appears  to  be a reasonable value for  tempera ture  change inside 
the building f rom 5:00 p.m. to  5:00 a . m .  
The quadrature temperature drift  i s  caused by signal phase 
angle shifting. About the sensor  resonance ( Q =  195), this equals 
c 14 degrees/OC. Referring to  the Fig. 22 curve, the straight line 
drift  for the 12 hour period was 2.2 c m  = 160 E. U. This i s  equivalent 
to a phase shift of 
160 
s in  8 = -= 0.306 523 
Although the phase shift curve i s  not l inear ,  the l inear  approximation 
should be accurate  enough for our purposes and the 12 hour tempera-  
t u r e  shift would equal 
0 This i s  close to the estimated 1.6 tempera ture  shift  evaluated f rom 
the inphase data. 
The initial dip and r i s e  in the output curve can be explained 
by a drop in tempera ture  of 1. 2Oc followed by a r i s e  of 0. 7Oc and 
finally the slow drift.down of 1 . 3 ' ~  previously mentioned. 
However, tempera ture  effects alone do not explain the noise 
levels superimposed on' the drift.  Although the quadrature noise i s  
higher than the inphase noise level, i t  i s  not high enough to account 
for  a l l  the observable noise on the output signal. The  difference in 
noise levels may be  explained by tempera ture  fluctuations, but the 
base  noise level in  the inphase channel must  be largely due to noise 
f rom additional sources.  
ADDITIONAL NOISE SOURCES 
The pr imary  additional source  of noise in the sensor  t e s t  setup 
was noise induced in the sensor  by la te ra l  vibration. Because the 
sensor  was not accurately balanced during asseAbly,  i t  possessed some 
la te ra l  acceleration sensitivity. 
Isolation of 2 Hz acceleration inputs f rom the sensor  proved to 
be a difficult task.  Two basic  methods of suspension were  tried.  
(1) The sensor  was suspended f rom the ceiling I-beams by an 
eight foot long amber  latex tube. Although the tube provided good high 
frequency isolation, i t  could not satisfactorily isolate out the low f r e -  
quency excitation and the tube i tself  was subject to excitation at  2 Hz 
by a i r  cur rents  in  the room. Various types of wind shields were  used 
around the tube but the resul ts  were  not satisfactory. 
(2) The second method of suspension was to mount the sensor  on a 
rod, which in turn was attached to a heavy stand made up of two columns 
and a c r o s s  beam. This method of suspension reduced the sensor  noise 
level by a factor of four. 
Some of the remaining noise was s t i l l  attributable to  input 
vibration. 
Because of independent work completed recently at  HRL, we 
now have a method of performing accurate  a r m  balancing (both m a s s  
and inertia),  thereby reducing acceleration sensitivity. Additional 
experimental work performed on this o r  s imi lar  sensors  should be 
preceded by a r m  balancing. 
3.  Discussion of Results 
Sensor drift  levels a r e  largely attributable to temperature 
shifts which affect the sensor  output in  both amplitude and phase. 
Although the sensor  signal phase i s  the most  significantly affected by 
tempera ture ,  the effect of this drift  on the data i n  a lunar  mapping 
experiment will not be cr i t ical ,  a s  such an experiment was proposed 
to  requi re  only amplitude information f rom the sensor .  
Phase  angle accuracy a s  well  a s  amplitude accuracy can be 
improved by decreasing the sensor Q and raising the sensor  resonant 
frequency. 
The noise levels below those produced by temperature dr i f t  a r e  
apparently caused by acceleration sensitivity due to a r m  unbalance and 
excited by low frequency motions of the sensor  support system. We 
now have sensor  a r m  balancing methods which will  easily reduce this  
noise level by m o r e  than two orders  of magnitude. In addition, raising 
the natural  frequency to 6 Hz would inc rease  noise attenuation another 
o rde r  of magnitude because of the low frequency supporting s t ructure.  
D. PERTINENT NONCONTRACTUAL TESTING 
On May 25th and 26th 1971, additional noise tes t s  were performed 
on the 2 Hz sensor .  The goal of these t e s t s  was to  eliminate the noise 
generated by a i r  t ransmit ted (acoustic) forces.  This was accomplished 
by installing the sensor ,  mounted on a la tex tube vibration isolation sus-  
pension, in a la rge  vacuum tank and reducing the p res su re  in the tank 
down to 30 microns Hg. 
Although the acoustic noise was eliminated, the data sti l l  showed 
noise generated by external room vibration, although attenuated con- 
siderably by the isolation suspension. 
The resultant noise curve for this t e s t  i s  shown in Fig. 23. The 
r m s  noise level here  i s  5. 2 E. U. (equivalknt) which i s  a factor of 4 to 8 
improvement over the data shown in Figs.  21 and 22 f o r  an  equivalent 
t ime constant. 
4 - 
rms NOISE LEVEL = 1.44 cm = 5 . 2  E.U. 
r = 10 sec 
F i g .  2 3 .  A c o u s t i c a l l y  I s o l a t e d  S e n s o r  N o i s e  L e v e l .  
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S E C T I O N  I V  
CONCLUSIONS AND RECOMMENDATIONS 
CONCLUSIONS 
The p r imary  conclusions that can be drawn f r o m  the experiments 
a r e  a s  follows. 
I 
1. Transducer Material  
Of the three mater ia l s  tested, there seems to be no difference 
in the change of output with temperature.  
Bonding of the t ransducer  to the supporting leaf appears  to be 
c r i t ica l  to obtain repeatable resul ts .  However, this problem was not 
studied in  depth. 
2. Vertical Versus Horizontal Orientation 
No difference was noted in temperature t e s t  resu l t s ,  when the 
sensor  torsional axis was changed f r o m  vert ical  to horizontal. 
3. Tuning Circui t ry 
Although the addition of the 37, 000 H choke a c r o s s  the sensor  
output did not provide a significant improvement in signal-to-noise rat io  
we can extrapolate a factor of ten improvement i f  both s t ra in  t r ans -  
ducers  were operable. Drift in sensor  Q a s  with temperature did seem 
to be minimized with the addition of the tuned circuit .  
4. Noise 
Sensor noise level was f rom 2 to 4 E. U. using a 100 sec  inte- 
gration time. 
The 4 E. U. noise level of the quadrature channel i s  i'n par t  
attributable to the temperature fluctuations of the sensor ,  while the 
fluctuations of the inphase channel a r e  mainly assignable to the vibra-  
tion noise coupled in through sensor  a r m  unbalance. 
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Additional t e s t s  which eliminated acoustic vibration input r e -  
duced the sensor  noise level to 5 E. U. a t  10 sec  integration t ime. This 
residual was assigned to mechanical vibration inputs which could be 
reduced by a r m  balancing. 
B. RECOMMENDATIONS 
Use of the tuned c i rcu i t  combined with a flexure redesign which 
will provide m o r e  t ransducer  a r e a  and a stiffer Givot should be suf- 
ficient to lower the sensor  Q, when tuned, to below 60, reduce the 
slope of Q with temperature,  and r a i s e  the natural  frequency up to 6 Hz. 
These changes would ease  the stringency of the preamplifier design, 
reduce the accelerat ion sensitivity under soft mounted conditions, and 
reduce the noise and drift  due to tempera ture  fluctuations. 
The addition of temperature control on the sensor  good to 
*O. 1°c  would also aid i n  controlling noise and drift. We can est imate 
the expected e r r o r  i n  signal amplitude, in a lunar application (input 
gradient 2700 E. U. ) with the above pa ramete r s ,  for a 0. 1°c shift in  
temperature.  F o r  this est imate we will assume the same percentage 
shifts in  Q and voltage a s  in  the experimental data (total amplitude 
drift  of t o .  49% / O C ) .  This would imply a signal change of 0. 0049 x 2700 
0 
x 0. 1 = 1. 35 E. U. for  a 0. 1 C tempera ture  shift, o r  for  random tem-  
0 pera ture  fluctuation 0. 955 E. U. r m s .  Since 0. 1 C does not represent  
the bes t  temperature control achievable, this noise level could be im-  
proved s t i l l  fur ther  with tighter tempera ture  control. 
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ABSTRACT 
We p r e s e n t  t h e  r e s u l t s  o f  a n  e x p e r i m e n t a l  
s i m u l a t i o n  o f  t h e  g r a v i t y  g r a d i e n t  p r o f i l e  
t h a t  we e x p e c t  t o  o b t a i n  f r o m  a  r o t a t i n g  
g r a v i t y  g r a d i o m e t e r  p a s s i n g  o v e r  t e r r a i n  
w i t h  s u b s u r f a c e  d e n s i t y  f l u c t u a t i o n s .  T h e  
s i m u l a t i o n  w a s  c a r r i e d  o u t  by  c o n s t r u c t i n g  
a  s c a l e d  down s i m p l i f i e d  m o d e l  o f  t h e  t e r -  
r a i n  w i t h  d e n s i t y  v a r i a t i o n s  s i m i l a r  t.0 
t h o s e  e x p e c t e d  i n  t h e  r e a l  t e r r a i n .  T h e  
m o d e l  w a s  moved p a s t  o u r  l a b o r a t o r y  v e r -  
s i o n  o f  t h e  r o t a t i n g  g r a v i t y  g r a d i o m e t e r  
a n d  t h e  o u t p u t  o f  t h e  s e n s o r  w a s . p l o t t e d  
a s  a  f u n c t i o n  o f  t h e  r e l a t i v e  p o s i t i o n  o f  
t h e  s e n s o r  w i t h  r e s p e c t  t o  t h e  s i m u l a t e d  
m a s s  d i s t r i b u t i o n .  T h e  r e s u l t a n t  g r a v i t y  
g r a d i e n t  p r o f i l e  i s  c o m p a r e d  w i t h  t h a t  
p r e d i c t e d  b y  o u r  c o m p u t e r  p r o g r a m  f o r  t h e  
s a m e  c o n f i g u r a t i o n .  T h e  s i t u a t i o n  s i m u -  
l a t e d  i n  t h e  e x p e r i m e n t  w a s  t h a t  o f  a  
l u n a r  s p a c e c r a f t  a t  3 0  km a l t i t u d e  o r b i t i n g  
o v e r  v a r i o u s  m a s c o n  s t r u c t u r e s .  B e c a u s e  
o f  t h e  1 / R 3  c h a r a c t e r i s t i c  o f  t h e  g r a v i t y  
g r a d i e n t ,  h o w e v e r ,  t h e  s i m u l a t i o n  c o u l d  
a p p l y  e q u a l l y  t o  a n  a i r c r a f t  a t  3 km a l t i -  
t u d e  f l y i n g  o v e r  l a r g e  g e o l o g i c a l  s t r u c -  
t u r e s  many k i l o m e t e r s  d o w n ,  o r  a n  a i r c r a f t  
a t  300 m a l t i t u d e  l o o k i n g  a t  s m a l l  l o c a l  
s t r u c t u r e s  n e a r  t h e  s u r f  a c e .  
h a v e  d e v e l o p e d  a  l a b o r a t o r y  m o d e l  o f  o u r  
g r a d i o m e t e r  c a p a b l e  o f  m e a s u r i n g  g r a d i e n  s 
w i t h  a c c u r a c i e s  i n  t h e  ~ e c - ~  t o  1 0 -  6 
s e ~ - ~  r a n g e  ( 1 0  E.U. t o  1 E . U . ) . ( ' )  We 
h a v e  a r r i v e d  a t  a  s t a g e  o f  i n s t r u m e n t  
d e v e l o p m e n t  w h e r e  f u r t h e r  d e s i g n  m o d i f  i- 
c a t i o n s  a n d  i m p r o v e m e n t s  d e p e n d  o n  t h e  
d e s i r e d  , a p p l i c a t i o n  o f  t h e  s e n s o r .  (8-11) 
One  o f  t h e  p r i m a r y  a r e a s  o f  a p p l i c a t i o n  i s  
t h a t  o f  d e t e r m i n i n g  t h e  g r a v i t a t i o n a l  f i e l d  
o f  t h e  moon.  ( 1 1 )  O r b i t a l  a n a l y s i s  o f  
s a t e l l i t e s  p r o v i d e s  some  i n f o r m a t i o n ,  b u t  
i t  c a n n o t  p r o v i d e  d e t a i l e d  d a t a  o n  l o c a l -  
i z e d  a n o m a l i e s .  T h e  r o t a t i n g  g r a d i o m e t e r  
i s  t h e  f i r s t  d e v i c e  w h i c h  h a s  d e m o n s t r a t e d  
s u f f i c i e n t  s e n s i t i v i t y  t o  m e a s u r e  t h e  e x -  
t r e m e l y  s m a l l  f o r c e s  i n v o l v e d  i n  g r a v i t y  
g r a d i o m e t r y ,  a n d  y e t  h a s  a  d e s i g n  w h i c h  i s  
s u f f i c i e n t l y  r u g g e d  f o r  o p e r a t i o n  i n  e l  t h e r  
a n  o r b i t a l  o r  a n  e a r t h b o u n d  e n v i r o n m e n t .  
T h i s  a d v a n t a g e  i n  d e s i g n  e n a b l e s  t h e  s e n s o r  
t o  b e  d e m o n s t r a t e d  a n d  c a l i b r a t e d  i n  t h e  
l a b o r a t o r y  p r i o r  t o  o p e r a t i o n  i n  a n  o r b i t -  
i n g  s a t e l l i t e .  
T h i s  p a p e r  d i s c u s s e s  t h e  o p e r a t i n g  m e t h o d  
o f  t h e  g r a d i o m e t e r  a n d  t h e  r e s u l t s  o f  a n  
e x p e r i m e n t  t o  d e m o n s t r a t e ,  o n  e a r t h ,  t h e  
s e n s o r ' s  c a p a b i l i t i e s  i n  l u n a r  g r a v i t y  
m e a s u r e m e n t  f r o m  o r b i t .  I n  a d d i t i o n ,  a  
d e s i g n  f o r  a n  o r b i t i n g  s e l e n o d e s y  s a t e l l i t e  
i s  d e s c r i b e d  . 
F o r  t h e  p a s t  s e v e r a l  y e a r s  we h a v e  b e e n  
e n g a g e d  i n  t h e  d e v e l o p m e n t  o f  a  u n i q u e  
g r a v i t y  g r a d i o m e  t e r  c a p a b l e  o f  m e a s u r i n g  THEORY OF SENSOR OPERATION 
g r a v i t a t i o n a l  a n o m a l i e s  w h i l e  r e m a i n i n g  
i n s e n s i t i v e  t o  a ~ c e l e r a t i o n s . ( l - ~ )  S t a r t -  
- - 
i n g  i n  a  b r a n d  new f i e l d  w h e r e  t h e  a v a i l -  T h e  i n s t r u m e n t a t i o n  u s e d  i n  t h e  e x p e r i -  , 
a b l e  t e c h n o l o g y  w a s  e x t r e m e l y  l i m i t e d ,  we m e n t a l  d e m o n s t r a t i o n  i s  t h e  H u n h e s  r o t a t -  
- 
i n g  g r a v i t a t i o n a l  g r a d i e n t  s e n s o r .  A  
*The w o r k  r e p o r t e d  h e r e i n  w a s  p a r t i a l l y  l a b o r a t o r y  m o d e l  o f  t h i s  i n s t r u m e n t  i s  
s u p p o r t e d  u n d e r  N a t i o n a l  A e r o n a u t i c s  a n d  shown i n  F i g u r e  1, a n d  a  s c h e m a t i c  o f  t h e  
s p a c e  A d m i n i s t r a t i o n  C o n t r a c t  NAS 8 - 2 4 7 8 8 .  m e t h o d  o f  o p e r a . t i o n  i s  s h o w n  i n  F i g u r e  2 .  
F i g .  1. T o r s i o n a l  g r a v i t y  g r a d i o m e t e r .  
F i g .  2 .  T o r s i o n a l  g r a d i o m e t e r  i n  f r e e  f a l l  
A-2 
The b a s i c  c o n c e p t  o f  t h e  r o t a t i n g  g r a v i t a -  
t i o n a l  g r a d i e n t  s e n s o r  i s  a s  f o l l o w s .  I f  
a  s y s t e m  o f  p r o o f  m a s s e s  i s  r o t a t e d  i n  t h e  
s t a t i c  g r a v i t a t i o n a l  f i e l d  o f  a n  o b j e c t .  
t h e  g r a v i t a t i o n a l  f o r c e  g r a d i e n t  o f  t h i s  
f i e l d  w i l l  i n d u c e  d y n a m i c  f o r c e s  on  t h e  
p r o o f  m a s s e s  w i t h  a  f r e q u e n c y  w h i c h  i s  
t w i c e  t h e  r o t a t i o n  f r e q u e n c y  o f  t h e  s y s t e m .  
w h i l e  i n e r t i a l  e f f e c t s  c a u s e d  by  a c c e l e r a -  
t i o n s  o f  t h e  p r o o f  m a s s  m o u n t i n g  s t r u c t u r e  
w i l l  i n d u c e  f o r c e s  w i t h  a  f r e q u e n c y  a t  t h e  
r o t a t i o n a l  f r e q u e n c y .  The s t r e n g t h  a n d  
d i r e c t i o n  o f  t h e  g r a v i t a t i o n a l  f o r c e  g r a -  
d i e n t  c a n  b e  d e t e r m i n e d  i n d e p e n d e n t l y  o f  
t h e  i n e r t i a l  f o r c e s  by  m e a s u r i n g  t h e  a m p l i -  
t u d e  a n d  p h a s e  o f  t h e  v i b r a t i o n s  i n d u c e d  
i n  t h e s e  p r o o f  m a s s e s  a t  t h e  d o u b l e d  f r e -  
q u e n c y .  A n a l y s i s  s h o w s  t h a t  t h e  s e n s i n g  
o f  t h e  g r a v i t a t i o n a l  g r a d i e n t  w i l l  s t i l l  
o c c u r  i f  t h e  p r o o f  m a s s  s y s t e m  i s  i n  f r e e  
f a l l .  ( 3 )  More s p e c i f i c a l l y ,  t h e  p r o o f  
m a s s  s y s t e m  u s e d  i s  a s y s t e m  o f  m a s s e s  
c o u p l e d  t o g e t h e r  w i t h  s p r i n g s  i n  a  geom- 
e t r y  w h i c h  b e c o m e s  a  r o t a t i n g  d i f f e r e n t i a l  
a n g u l a r  a c c e l e r o m e t e r  ( s e e  F i g u r e  2 ) .  
I n  g e n e r a l ,  t h e  g r a v i t a t i o n a l  f i e l d  p o t e n -  
t i a l  a t  a  d i s t a n c e  R f r o m  a  m a s s  p o i n t  
M i s  g i v e n  b y  
w h e r e  t h e  u n i v e r s a l  g r a v i t a t i o n  c o n s t a n t  
G = 6 . 6 7  x 1 0 - l 1  m3/kg s e c 2 .  The  s e c o n d  
o r d e r  g r a d i e n t  o f  t h e  g r a v i t a t i o n a l  p o t e n -  
t i a l  i s  g i v e n  b y  t h e  s y m m e t r i c  t e n s o r :  
o r ,  i n  F i g u r e  2 ,  
when t h e  x  a x i s  i s  a l i g n e d  a l o n g  t h e  
r a d i u s  R .  
I n  o p e r a t i o n ,  t h e  s e n s o r  i s  r o t a t e d  a b o u t  
i t s  t o r s i o n a l l y  r e s o n a n t  a x i s  a t  a n  a n g u -  
l a r  r a t e  w w h i c h  i s  e x a c t l y  o n e - h a l f  t h e  
t o r s i o n a l  r e s o n a n t  f r e q u e n c y .  O n l y  t h e  
d i f f e r e n t i a l  t o r q u e  AT b e t w e e n  t h e  s e n -  
s o r  a r m s  a t  t h e  d o u b l e d  f r e q u e n c y  i s  
c o u p l e d  i n t o  t h e  s e n s o r  o u t p u t .  T h i s  
d i f f e r e n t i a l  t o r q u e  i s  g i v e n  b y ( 7 )  
I t  i s  now n e c e s s a r y  t o  t r a n s d u c e  t h i s  
s e c h a n i c a l  m o t i o n  i n t o  a n  e l e c t r i c a l  s i g n a l  
f o r  p r o c e s s i n g  a n d  t r a n s m i s s i o n .  T h i s  i s  
a c c o m p l i s h e d  by  u s i n g  a  f l e x u r a l  p i v o t  a s  
t h e  t o r s i o n a l  s p r i n g  a n d  a f f i x i n g  a  b a r i u m  
t i t a n a t e  s t r a i n  t r a n s d u c e r  t o  o n e  of  t h e  
f l e x u r a l  s p r i n g  l e a v e s  ( s e e  F i g u r e  3 ) .  
T h e s e  t r a n s d u c e r s  h a v e  b e e n  f o u n d  t o  b e  
m o r e  t h a n  a d e q u a t e  f o r  s e n s i n g  t h e s e  s m a l l  
s t r a i n s .  
s i n  2wt + 2 r  c o s  2 w t l  
X Y  
w h e r e  L i s  t h e  c h a r a c t e r i s t i c  l e n g t h  o f  
t h e  s e n s o r ,  a n d  m i s  t h e  m a s s  a t  t h e  e n d  
o f  t h e  s e n s o r  a r m s .  
From ( 4 )  i t  c a n  b e  s e e n  t h a t  m e a s u r e m e n t  
o f  t h e  i n - p h a s e  a n d  q u a d r a t u r e  c o m p o n e n t s  
o f  t h e  s e n s o r  r e s p o n s e  w i t h  r e s p e c t  t o  
some r e f e r e n c e  d i r e c t i o n  w i l l  p r o v i d e  a  
m e a s u r e  o f  c e r t a i n  c o m p o n e n t s  o f  t h e  
g r a v i t y  g r a d i e n t  t e n s o r .  The p a r t i c u l a r  BARIUM TITANATE STRAIN TRANSDUCER 
c o m p o n e n t s  m e a s u r e d  w i l l  d e p e n d  u p o n  t h e  
o r i e n t a t i o n s  o f  t h e  s e n s o r  s p i n  a x i s  a n d  
t h e  p h a s e  r e f e r e n c e  d i r e c t i o n .  An o r t h o g o -  
n a l  t r i a d  o f  m e a s u r e m e n t s  a t  a  p o i n t  i s  
s u f f i c i e n t  t o  o b t a i n  a l l  t h e  c o m p o n e n t s  
o f  t h e  g r a v i t y  g r a d i e n t  t e n s o r .  F o r  t h e  F i g .  3 .  F l e x u r a l  p i v o t .  
s i m p l e  e x a m p l e  shown i n  F i g u r e  2 ,  t h e  
d i f f e r e n t i a l  t o r q u e  i n d u c e d  by  t h e  m a s s  M 
a t  t h e  d i s t a n c e  R i s  
The a n g u l a r  r e s o n a n t  d e f l e c t i o n  b e t w e e n  
t h e  two q u a d r u p o l e s  o f  t h e  s e n s o r  r o t a t i n g  
a t  o n e - h a l f  i t s  t o r s i o n a l  r e s o n a n t  f r e q u e n -  
c y  w n  = 2 w  w i t h  a n  a s  o c i a t e d  q u a l i t y  
f a c t o r  Q i s  t h e r e f o r e t 7 )  
2 
w h e r e  I = m i  1 2  i s  t h e  q u a d r u p o l e  i n e r t i a .  
The a n g l e  6 i s  e x t r e m e l y  s m a l l .  S u r f a c e  
g r a d i e n t s  p r o d u c e d  by t h e  moon ( 1 8 0 0  E.U.)  
w i l l  p r o d u c e  a n g u l a r  d e f l e c t i o n s  o f  
=1 x 1 0 - 7  r a d  i n  t y p i c a l  o r b i t a l  t o r s i o n -  
a l  s e n s o r  d e s i g n s  (Q = 6 0 ,  w = 6 r a d l s e c ) .  
w h i l e  u s e f u l  t h r e s h o l d  s i g n a l s  o f  1 E.U. 
p r o d u c e  a 6 g u l a r  r e s p o n s e s  o f  r 5  x 1 0 - l 1  r a d .  
I n  o r d e r  t o  u t i l i z e  t h i s  s e n s o r  f o r  m a p p i n g  
t h e  l u n a r  g r a v i t y  f i e l d  f r o m  o r b i t ,  i t  i s  
p l a n n e d  t o  u s e  a  s p i n - s t a b i l i z e d  s p a c e -  
c r a f t  whose  s p i n  s p e e d  i s  o n e - h a l f  t h a t  
o f  t h e  s e n s o r  r e s o n a n c e .  The s e n s o r  i s  
f i x e d  t o  t h e  s p a c e c r a f t  f r a m e w o r k  a n d  t h e  
r o t a t i o n  r e q u i r e d  f o r  t h e  s e n s o r  o p e r a t i o n  
i s  s u p p l i e d  by t h e  s p i n  o f  t h e  s p a c e c r a f t .  
T h i s  mode o f  o p e r a t i o n  h a s  t h e  a d v a n t a g e  
t h a t  t h e  g r a v i t a t i o n a l  g r a d i e n t  f i e l d  o f  
t h e  s p a c e c r a f t  i s  c o n s t a n t  i n  t h e  r o t a t i n g  
r e f e r e n c e  f r a m e  o f  t h e  s e n s o r ,  a n d  t h e r e -  
f o r e  d o e s  n o t  c o n t r i b u t e  t o  t h e  d y n a m i c  
s e n s o r  r e s p o n s e .  T h u s  i t  i s  n o t  n e c e s -  
s a r y  t o  c a l i b r a t e  t h e  s e n s o r  t o  e l i m i n a t e  
t h e  b a c k g r o u n d  g r a d i e n t  b i a s  s i g n a l  o f  t h e  
s p a c e c r a f t ,  a s  w o u l d  b e  n e c e s s a r y  f o r  a  
s t a t i c  t y p e  o f  g r a d i o m e t e r .  
The  s p a c e c r a f t  d e s i g n  e n v i s i o n e d  f o r  t h e  
s e l e n o d e s y  s a t e l l i t e  i s  a  c y l i n d r i c a l  
s t r u c t u r e  3 . 5  f t  i n  d i a m e t e r .  3  f t  h i g h .  
a n d  w i t h  a  t o t a l  w e i g h t  o f  1 6 0  l b  ( s e e  
F i g u r e  4 ) .  T h e  s a t e l l i t e  w o u l d  h a v e  a  
n o m i n a l  s p i n  s p e e d  o f  1 t o  3  r p s ;  t h e  s e n -  
s o r  w o u l d  h a v e  a  r e s o n a n t  f r e q u e n c y  o f  
t w i c e  t h e  s p i n  s p e e d  ( 2  t o  6  Hz) a n d  
w o u l d  be  a t t a c h e d  t o  t h e  s p a c e c r a f t  a t  
t h e  c e n t e r  o f  m a s s  w i t h  i t s  t o r s i o n a l  a x i s  
a l i g n e d  a l o n g  t h e  s p a c e c r a f t  s p i n  a x i s .  
The  s e n s o r  p a c k a g e  w o u l d  b e  o n l y  s l i g h t l y  
l a r g e r  t h a n  t h e  p r e s e n t  d e s i g n s ,  s i n c e  t h e  
p r e s e n t  d e s i g n s  h a v e  d e m o n s t r a t e d  a d e q u a t e  
s e n s i t i v i t y  f o r  l u n a r  m a p p i n g .  T h e  r e l a -  
t i v e l y  l a r g e  s p a c e c r a f t  s i z e  i s  d i c t a t e d  
p r i m a r i l y  b y  t h e  s i z e  o f  t h e  s o l a r  p a n e l  
n e c e s s a r y  t o  p r o v i d e  e l e c t r i c a l  p o w e r .  
F o r  a  f u l l y  r e d u n d a n t  s y s t e m ,  o p e r a t i n g  
c o n t i n u o u s l y  a n d  h a v i n g  a  h a l f - o r b i t a l  t i m e  
e c l i p s e  d u r i n g  w h i c h  b a t t e r y  p o w e r  m u s t  b e  
u s e d ,  t h e  a v e r a g e  p o w e r  demand f o r  t h e  
n o n e c l i p s e  p a r t  o f  f l i g h t  i s  e s t i m a t e d  a t  
a p p r o x i m a t e l y  1 0 0  W ;  t h i s  r e q u i r e s  1 0  f t 2  
o f  s o l a r  p a n e l  p r o j e c t e d  a r e a .  
t i m e  w i l l  b e  a n  a v e r a g e  o f  t h e  s e n s o r  
r e s p o n s e  t o  t h o s e  m a s s e s  o n  t h e  s u r f a c e  
w i t h  a  r e g i o n  whose  d i a m e t e r  i s  a p p r o x i -  
m a t e l y  e q u a l  t o  t h e  s e n s o r  a l t i t u d e .  T h u s  
t h e  g r o u n d  t r a c k  w i d t h  o f  3 0  km f o r  a  3 0  km 
h i g h  o r b i t  w i l l  g i v e  a d e q u a t e  c o v e r a g e  o f  
t h e  l u n a r  s u r f a c e  n e a r  t h e  e q u a t o r  a n d  r e -  
d u n d a n t  c o v e r a g e  n e a r  t h e  p o l e s .  ( T h i s  
c a n  b e  u s e d  f o r  p e r i o d i c  c h e c k  o f  s e n s o r  
c a l i b r a t i o n . )  The  m i s s i o n  d u r a t i o n  w o u l d  
b e  o n e - h a l f  a  l u n a r  d a y .  o r  1 4  e a r t h  d a y s .  
Lower o r b i t s  w o u l d  g r e a t l y  i n c r e a s e  t h e  
r e s o l u t i o n  a n d  s e n s i t i v i t y ,  b u t  t h e  mea-  
s u r e m e n t s  t h e n  w o u l d  h a v e  t o  b e  t a k e n  o v e r  
many l u n a r  r o t a t i o n s  i n  o r d e r  t o  c o v e r  
c o m p l e t e l y  t h e  s u r f a c e  a r e a  n e a r  t h e  
e q u a t o r .  I 
The  d e s i r a b l e  i n s t r u m e n t  i n t e g r a t i o n  t i m e  
i s  a l s o  d e t e r m i n e d  by t h e  o r b i t a l  p a r a m -  
e ters  a n d  t h e  b r o a d  s e n s o r  r e s p o n s e  c h a r a c -  
t e r i s t i c .  B e c a u s e  t h e  o r b i t a l  s p e e d  
v  = 1 . 6 2  k m / s e c  a n d  t h e  s e n s o r  r e s o l u t i o n  
e l e m e n t  i s  r o u g h l y  e q u a l  t o  i t s  a l t i t u d e  
( d  = h  = 3 0  k m ) ,  t h e  t i m e  r e q u i r e d  f o r  
t h e  s e n s o r  t o  p a s s  t h r o u g h  o n e  r e s o l u t i o n  
e l e m e n t  i s  
t = d / v  = 1 8  s e c  . ( 7 )  
F i g .  4 .  S e l e n o d e s y  s a t e l l i t e .  
T h e  m o s t  d e s i r a b l e  o r b i t a l  p a r a m e t e r s  f o r  
m a p p i n g  t h e  l u n a r  s u r f a c e  w o u l d  b e  t o  
p l a c e  t h e  s e l e n o d e s y  s a t e l l i t e  i n  a  3 0  km 
p o l a r  o r b i t  w i t h  t h e  o r b i t a l  p l a n e  e s s e n -  
t i a l l y  p a r a l l e l  t o  t h e  s u n  v e c t o r .  The 
r o t a t i o n  o f  t h e  moon u n d e r  t h e  s a t e l l i t e  
o r b i t  c a u s e s  t h e  g r o u n d  t r a c k s  o f  a  30 km 
p o l a r  o r b i t  t o  b e  s p a c e d  3 1  km a p a r t  a t  
t h e  l u n a r  e q u a t o r .  B e c a u s e  t h e  d i r e c t i o n a l  
r e s p o n s e  o f  t h e  s e n s o r  ( o r  a n y  g r a d i o m e t e r )  
i s  q u i t e  b r o a d ,  t h e  m e a s u r e m e n t  a t  a n y  
T h i s  i s  t h e  maximum u s a b l e  i n t e g r a t i o n  t i m e  
f o r  good  d a t a  a t . 3 0  km a l t i t u d e .  S h o r t e r  
i n t e g r a t i o n  t i m e s  ( 3  t o  1 0  s e c )  w o u l d  
p r o b a b l y  b e  u s e d ,  b u t  t i m e s  much s h o r t e r  
t h a n  3  s e c  w o u l d  i n c r e a s e  t h e  d a t a  s t o r a g e  
a n d  t r a n s m i s s i o n  p r o b l e m  w i t h o u t  a p p r e -  
c i a b l y  i m p r o v i n g  t h e  f i n a l  r e s o l u t i o n .  
T h e  p l a n n e d  s e l e n o d e s y  s a t e l l i t e  s y s t e m  
i s  b a s e d  o n  t h e  a s s u m p t i o n  t h a t  t h e  s a t e l -  
l i t e  w i l l  b e  d e l i v e r e d  a n d  p l a c e d  i n  t h e  
p r o p e r  o r b i t  by  a n  A p o l l o  s p a c e c r a f t  a s  
p a r t  o f  i t s  m i s s i o n .  Once t h e  s e l e n o d e s y  
s a t e l l i t e  i s  s p u n  u p  a n d  p l a c e d  i n  o r b i t .  
t h e  A p o l l o  s p a c e c r a f t  c a n  c o n t i n u e  w i t h  
t h e  r e m a i n d e r  o f  i t s  m i s s i o n  a n d  t h e  
a u t o n o m o u s  s a t e l l i t e  w i l l  c o n t i n u e  i t s  
o p e r a t i o n s  w i t h  n o  f u r t h e r  s u p p o r t  f r o m  
t h e  A p o l l o  s p a c e c r a f t .  The  s a t e l l i t e  d e -  
s i g n  ( s e e  F i g u r e  5 )  h a s  i t s  own e l e c t r i c a l  
power  s y s t e m ,  a n  a c t i v e  a t t i t u d e  c o n t r o l  
s y s t e m .  a  s e m i a c t i v e  t h e r m a l  c o n t r o l  s y s -  
t e m ,  a n d  a  two-way c o m m u n i c a t i o n  s y s t e m .  
T h e  l a s t  u t i l i z e s  a  d i r e c t  d o w n - l i n k  t o  
e a r t h - b a s e d  STADAN o r  DSIF s t a t i o n s  f o r  
t e l e m e t r y  d a t a  t r a n s m i s s i o n ,  p l u s  a n  u p -  
l i n k  f o r  r e c e i v i n g  g r o u n d  commands,  i f  
d e s i r e d .  
The  b a s e l i n e  s y s t e m  i n c l u d e s  a n  e l e c t r i c a l  
power  s u b s y s t e m  c a p a b l e  o f  s u p p o r t i n g  b o t h  
d a y l i g h t  a n d  e c l i p s e  t i m e  o p e r a t i o n .  T h e  
s o l a r  p a n e l  i s  s i z e d  t o  p r o v i d e  a d e q u a t e  
power f o r  c h a r g i n g  t h e  b a t t e r i e s .  B o t h  
c h a r g i n g  and  d i s c h a r g i n g  a r e  a u t o m a t i c a l l y  
c o n t r o l l e d .  R e g u l a t i o n  i s  r e d u c e d  t o  m i n i -  
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F i g .  5 .  L u n a r  s e l e n o d e s y  s a t e l l i t e .  
s u p p l i e d  w i t h  28 V d c  t 5 % .  T h o s e  compo- 
n e n t s  w h i c h  may r e q u i r e  b e t t e r  r e g u l a t i o n  
a r e  e q u i p p e d  w i t h  n e c e s s a r y  p r o v i s i o n s .  
A t t i t u d e  i n f o r m a t i o n  w i l l  b e  d e r i v e d  f r o m  
m e a s u r e m e n t s  o f  s u n  s e n s o r s  a n d  moon h o r i -  
zon  c r o s s i n g  s e n s o r s  m o u n t e d  o n  t h e  s p a c e -  
c r a f t .  T h e s e  d a t a ,  a c q u i r e d  p e r i o d i c a l l y ,  
w i l l  be  t e l e m e t e r e d  t o  t h e  g r o u n d  s t a t i o n s .  
A d d i t i o n a l  i n f o r m a t i o n ,  s u c h  a s  s a t e l l i t e  
o r b i t a l  p o s i t i o n  and  v e l o c i t y ,  w i l l  b e  
d e r i v e d  f r o m  g r o u n d  t r a c k i n g  d a t a  a n d  u s e d  
i n  t h e  a t t i t u d e  d e t e r m i n a t i o n  p r o c e s s .  
The a t t i t u d e  c o n t r o l  a n d  s p i n - s p e e d  c o n -  
t r o l  a r e  b o t h  e f f e c t e d  w i t h  a  c o l d  g a s  
r e a c t i o n  j e t  s y s t e m .  B e c a u s e  t h e  b a s e -  
l i n e  s y s t e m  d o e s  n o t  i n c l u d e  a n  o n - b o a r d  
c o m p u t e r ,  a l l  c o m p u t a t i o n s  p e r t a i n i n g  t o  
a t t i t u d e  d e t e r m i n a t i o n  a r e  e x p e c t e d  t o  be  
p e r f o r m e d  on  t h e  g r o u n d .  Any n e c e s s a r y  
c o r r e c t i o n s  w i l l  be  commanded by  g r o u n d  
c o n t r o l  c e n t e r s .  V e r y  l i t t l e  d i s t u , r b a n c e  
of s p a c e c r a f t  n o m i n a l  o r i e n t a t i o n  i s  e x -  
p e c t e d .  The m a j o r  s o u r c e  o f  d i s t u r b a n c e  
t o r q u e  w i l l  be  s o l a r  p r e s s u r e  d u r i n g  t h e  
n o n e c l i p s e  p a r t  of  f l i g h t .  Ten  s q u a r e  
f e e t  of p r o j e c t e d  a r e a ,  a s s u m i n g  a , p e s s i -  
m i s t i c  0 . 1  f t  C G - C P  m i s a l i g n m e n t ,  w i l l  
p r o d u c e  a  t o r q u e  o f  1 0 - 7  f t - l b  o n  t h e  
s p a c e c r a f t .  A t  t h a t  m a g n i t u d e ,  c o n -  
s i d e r i n g  a  40  f t - l b - s e c  s p i n  a x i s  a n g u l a r  
momentum t o  r e s i s t  d i s t u r b a n c e ,  t h e  O . 1 °  
would  h a v e  t o  be c o r r e c t e d  o n c e  e v e r y  8 
e a r t h d a y s .  
S e p a r a t e  t h e r m a l  c o n t r o l s  a r e  p r o v i d e d ,  o n e  
f o r  t h e  g r a d i o m e t e r  s e n s o r  c a p s u l e ,  a n d  
o n e  f o r  s p a c e c r a f t  i n t e r n a l  s p a c e .  S e n s o r  
e n v i r o n m e n t  w i l l  b e  m a i n t a i n e d  a t  30 2 1 ° C  
w h i l e  s p a c e c r a f t  i s  c o n t r o l l e d  t o  n o m i n a l  
20 2 10°C.  E l e c t r i c  h e a t e r s  a r e  e m p l o y e d  
t o  r a i s e  t h e  t e m p e r a t u r e  d u r i n g  e c l i p s e  
f l i g h t .  An a d e q u a t e  s i z e  t h e r m a l  window 
a t  o n e  e n d  o f  t h e  c y l i n d r i c a l  s t r u c t u r e  i s  
e q u i p p e d  w i t h  a n  a l u m i n u m  r a d i a t o r  f a c i n g  
d a r k - s p a c e .  
The t e l e m e t r y  a n d  command s y s t e m  i s  d e -  
s i g n e d  f o r  d i r e c t  c o m m u n i c a t i o n  w i t h  g r o u n d  
s t a t i o n s .  E l e c t r o n i c  e q u i p m e n t  i s  com- 
p l e t e l y  r e d u n d a n t .  An a l l - s o l i d - s t a t e  
t r a n s m i t t e r  o p e r a t e s  a t  two p o w e r  l e v e l s :  
h i g h ,  a p p r o x i ' m a t e l y  1 W r a d i a t e d  power  
d u r i n g  t e l e m e t r y  d a t a  t r a n s m i s s i o n ;  a n d  
l o w ,  less  t h a n  0 .5  W when o n l y  a  b e a c o n  
s i g n a l  i s  g e n e r a t e d  f o r  t r a c k i n g  p u r p o s e .  
T h e  c o m m u n i c a t i o n  l i n k  i s  d e s i g n e d  f o r  
o p e r a t i o n  w i t h  a n  85- f  t g r o u n d  a n t e n n a  
o f  STADAN o r  DSIF s t a t i o n s .  A l l  s y s t e m s  
a r e  S - b a n d ,  s i z e d  f o r  n o m i n a l  2 GHz. The 
s p a c e c r a f t  i s  e q u i p p e d  w i t h  q u a r t e r  wave .  
w h i p - t y p e  a n t e n n a s ,  t h e  r a d i a l l y  o r i e n t e d  
w h i p s  b e i n g  s p a c e d  h a l f - w a v e  a r o u n d  t h e  
e q u a t o r  p o r t i o n  o f  t h e  v e h i c l e ,  a n d  a x i a l -  
l y  o r i e n t e d  w h i p s  a t  p e r i p h e r y  of  o n e  e n d .  
The s e q u e n c e  of  e v e n t s  f o r  t h e  g r a d i o m e t e r  
s a t e l l i t e  i s  e n v i s i o n e d  t o  b e g i n  w i t h  d e -  
p l o y m e n t  f r o m  t h e  s p a c e c r a f t  c a r r i e r .  I t  
i s  e x p e c t e d  t h a t  a  s p a c e c r a f t  c a r r i e r  w i l l  
p l a c e  t h e  e x p e r i m e n t  v e h i c l e  i n  p r o p e r  
o r b i t ,  w i t h  p r o p e r  a t t i t u d e  a n d  s p i n n i n g  
a t  t h e  r e q u i r e d  s p e e d .  S y s t e m  o p e r a t i o n a l  
c h e c k o u t  s h o u l d  b e  p e r f o r m e d  p r i o r  t o  
p h y s i c a l  s e p a r a t i o n  f r o m  t h e  c a r r i e r  
v e h i c l e .  
From t h e  t i m e  of  r e l e a s e  a l l  t h e  s u b s y s -  
t e m s  a r e  e x p e c t e d  t o  o p e r a t e  c o n t i n u o u s l y .  
G r a d i o m e t e r  s e n s o r  d a t a  w i l l  b e  t a k e n  c o n -  
t i n u o u s l y  a n d  s t o r e d  i n  d i g i t a l  f o r m  i n  
o n b o a r d  memory. A t t i t u d e  s e n s o r  o u t p u t s  , 
a n d  v a r i o u s  e n g i n e e r i n g  d a t a  w i l l  b e  
s a m p l e d  a u t o m a t i c a l l y  a t  p r e d e t e r m i n e d  
t i m e  i n t e r v a l s  c o n t r o l l e d  b y  a n  o n b o a r d  
t i m e  c l o c k .  T h e s e  d a t a  w i l l  b e  e n c o d e d  
a n d  s t o r e d  i n  c o r e  memory o n b o a r d  t h e  
s p a c e c r a f t ,  u n l e s s  r e a l - t i m e  t r a n s m i s s i o n  
i s  commanded by  g r o u n d  c o n t r o l  s t a t i o n .  
A c c u m u l a t e d  d a t a  w i l l  b e  t r a n s m i t t e d  t o  
e a r t h  on  command f r o m  d e s i g n a t e d  g r o u n d  
s t a t i o n s .  A l i m i t e d  number  o f  command 
c h a n n e l s  a r e  p r o v i d e d  t o  a l l o w  s p a c e c r a f t  
a t t i t u d e  c o r r e c t i o n ,  a d d i t i o n a l  s a m p l i n g  
o f  a t t i t u d e  s e n s o r  o u t p u t s  a n d  o t h e r  
e n g i n e e r i n g  d a t a ,  s w i t c h i n g  o f  b a s i c  r e -  
d u n d a n t  c o m p o n e n t s  s u c h  a s  t r a n s m i t t e r ,  
r e c e i v e r ,  b a t t e r i e s ,  e t c .  M o s t  of  t h i s  
d a t a  t a k i n g  i s  d e s i g n e d  t o  p r o v i d e  i n f o r -  
n a t i o n  on  s e n s o r  o p e r a t i o n a l  c o n d i t i o n 8  
a n d  f o r  t r o u b l e  d i a g n o s t i c s .  E x c e p t  f o r  
a t t i t u d e  c o n t r o l  t h r o u g h  t h e  r e a c t i o n  j e t  
s y s t e m ,  no a c t i v e  g r o u n d  c o n t r o l  o f  t h e  
e x p e r i m e n t a l  m i s s i o n  i s  c o n t e m p l a t e d .  
THE LUNAR SIMULATION MODEL 
One f a c e t  o f  t h e  p r o b l e m  o f  d e m o n s t r a t i n g  
t h e  f e a s i b i l i t y  o f  u s i n g  t h e  r o t a t i n g  
g r a v i t y  g r a d i o m e t e r  f o r  l u n a r  o r b i t i n g  
s e l e n o d e s y  i s  t o  d e m o n s t r a t e  a s  conclusive- 
l y  as p o s s i b l e ,  e i t h e r  by a n a l y t i c a l  m o d e l s  
o r  by a n  e x p e r i m e n t a l  s i m u l a t i o n ,  t h a t  t h e  
d a t a  p r o d u c e d  b y  s u c h  a s e n s o r  w i l l  b e  
v a l u a b l e  i n  d e t e r m i n i n g  t h e  l u n a r  g r a v i -  
t a t i o n a l  f i e l d  a n o m a l i e s .  
The m o s t  s t r a i g h t f o r w a r d  m e t h o d  f o r  i n -  
v e s t i g a t i n g  t h e  f e a s i b i l i t y  o f  t h e  s e n s o r  
would  b e  t o  d e v e l o p  a c o m p l e t e  a n a l y t i c a l  
m o d e l  f o r  t h e  s e n s o r  B y s t e m  a n d  t h e n  r u n  
c o m p u t e r  s i m u l a t i o n s  a g a i n s t  v a r i o u s  
a n a l y t i c a l  m o d e l s  o f  t h e  l u n a r  s u b s u r f a c e  
s t r u c t u r e .  To be  c o m p l e t e ,  t h e  a n s l y t i -  
f a 1  m o d e l  s h o u l d  i n c l u d e  n o t  o n l y  t h e  
s e n s o r  p a r a m e t e r s ,  b u t  a l s o  p o s s i b l e  
s o u r c e s  o f  n o i s e  a n d  e r r o r ,  s u c h  a s  
t h e r m a l  n o i s e ,  l a i n  d r i f t ,  p h a s e  d r i f t ,  
n u t a t i o n a l  n o i s e ,  a m p l i f i e r  n o i s e ,  e t c .  
T h i s  a p p r o a c h  h a s  t h e  a d v a n t a g e  o f  s i m p l i -  
c i t y ;  h o w e v e r ,  b e c a u s e  t h e  m o d e l  a s s u m e d  
c a n  i n c l u d e  o n l y  t h o s e  s o u r c e s  o f  e r r o r  
t h a t  a r e  known,  a n d  b e c a u s e  r e a l  s e n s o r s  
may h a v e  o t h e r  n o i s e  a n d  e r r o r  s o u r c e s  
w h i c h  a r e  n o t  d i s c o v e r e d  p r i o r  t o  a c t u a l  
o p e r a t i o n ,  a n  a n a l y t i c a l  p r o o f  o f  f e a s i -  
b i l i t y  i s  n o t  a s  c o n c l u s i v e  o r  c o n v i n c i n g  
a s  a n  e x p e r i m e n t a l  s i m u l a t i o n .  
F o r t u n a t e l y ,  s i n c e  a  g r a v i t y  g r a d i o m e t e r  
m e a s u r e s  t h e  g r a d i e n t  o f  t h e  g r a v i t a t i o n a l  
f a r c e  f i e l d ,  w h i c h  f a l l s  o f f  a s  ~ I R ~ ,  i t  
i s  f o u n d  t h a t  l a r g e - s i z e d  g e o p h y s i c a l  
m a s s e s  c a n  b e  s i m u l a t e d  by d i r e c t  s c a l i n g  
of  t h e  t e s t  m a s s  p a r a m e t e r s  ( w i t h  t h e  
s e n s o r  s i z e  a n d  m a s s  h e l d  c o n s t a n t ) .  F o r  
e x a m p l e ,  t h e  g r a v i t y  g r a d i e n t  o f  a  4 km 
h i g h  m o u n t a i n  m e a s u r e d  by a s e n s o r  s t  a n  
a l t i t u d e  of  20  km i s  t h e  s a m e  a s  t h e  
g r a v i t y  g r a d i e n t  o f  a  4 cm r a d i u s  r o c k  
m e a s u r e d  by t h e  same s e n s o r  a t  a  d i s t a n c e  
of  2 0  cm. 
The d i r e c t  s i m u l a t i o n  t e c h n i q u e  i s  e q u a l l y  
a p p l i c a b l e  t o  a n y  s e n s o r  a n d  c a n  b e  u s e d  
t o  t e s t  a n y  t y p e  of  g r a d i o m e t e r  c a p a b l e  o f  
o p e r a t i n g  o n  e a r t h  u n d e r  c o n t r o l l e d  l a b o r a -  
t o r y  c o n d i t i o n s .  The g r a d i e n t  s i a u l a t i o n  
t e c h n i q u e  c a n  b e  u s e d  t o  c o m p a r e  t h e  
r e l a t i v e  p e r f o r m a n c e  o f  v a r i o u s  s e n s o r s ;  
c h e c k  t h e  p r e d i c t i o n s  o f  t h e  a n a l y t i c a l  
m o d e l s  o f  t h e  s e n s o r s  a a a i n s t  t h e i r  a c t u a l  - 
p e r f o r m a n c e ;  a i d  g e o p h y s i c i s t s  i n  d e v e l o p -  
i n g  m e t h o d s  of  h a n d l i n g ,  p r e s e n t i n g ,  a n d  
p r o c e s s i n g  t h e  g r a d i e n t  d a t a  t o  p r o d u c e  
t h e  b e s t  e s t i m a t e  r e g a r d i n g  t h e  g e o l o g i c a l  
f o r m a t i o n s  w h i c h  c a u s e d  t h e  ~ r a d i e n t s :  e n d  
m e a s u r e  t h e  g r a d i e n t  f i e l d s  o f  t h e  m o r e  
c o m p l e x  m a s s  d i s t r i b u t i o n s  w h i c h  w o u l d  t a k e  
l o n g e r  t o  f a l e u l a c e  ( b e c a u s e  o f  t h e i r  
c o m p l e x  s h a p e s )  t h a n  t o  s i m u l a t e  
e x p e r i m e n t a l l y .  
A- 6 
- 
T h e  c o n f i g u r a t i o n  o f  t h e  f l y b y  s i m u l a t i o n  
e x p e r i m e n t a l  e q u i p m e n t  u s e d  i n  o u r  t e s t  
i s  shown i n  F i g u r e s  6  a n d  7 .  T h e  m e c h a n i -  
c a l  p o r t i o n  c o n s i s t s  o f  a  sensor a n d  i t s  - 
i s o l a t i o n  a n d  d r i v e  m e c h a n i s m s  c o n t a i n e d  
i n  a  vacuum s y s t e m ,  a n d  a  f l y b y  t r a c k  w i t h  
d r i v e  m o t o r ,  d r i v e  c h a i n ,  m a s s  c a r r i a g e s .  
a n d  t e s t  m a s s e s .  F a r  c o n v e n i e n c e  we u s e d  
- l e a d  m a s s  s p h e r e s  r a t h e r  t h a n  rock. The 
d e n s i t y  f l u c t u a t i o n s  i n  r e a l  m a s c o n s  o r  i n  
e e o p h y s i c a l  f o r m a t i o n s  a r e  much s m a l l e r  
t h a n  t h o s e  o f  l e a d ,  b u t  t h e  l a r g e  d e n s i .  
d i f f e r e n c e  i m p l i e s  a  r a d i u s  d i f f e r e n c e  01 - 
o n l y  a f a c t o r  o f  two b e t w e e n  a  l e a d  a n d  a  
r o c k  s p h e r e .  
F i g .  6 .  Mass f l y b y  t e s t  se tup.  
- 
The f l y b y  t r a c k w a s  p l a c e d  1 8 . 5  i n .  f r o m  - 
t h e  c e n t e r  o f  t h e  s e n s o r .  The a c t u a l  
v e l o c i t y  o f  t h e  m a s s e s  o n  t h e  f l y b y  t r a c k  
was  m e a s u r e d  a t  j u s t  u n d e r  1 i n . / s e c .  The 
s i m u l a t e d  v e l o c i t y  f o r  a  3 0  km a l t i t u d i  
- 
t h e r e f o r e  w o u l d  b e  1 . 6  k m l s e c  ( 6 0 0 0  k m l h o u r )  
w h i c h  i s  t h e  o r b i t a l  v e l o c i t y  o f  a  3 0  km 
l u n a r  o r b i t .  A l t h o u g h  t h e  s i m u l a t i o n  e x -  
p e r i m e n t s  w e r e  d e s i g n e d  t o  d e m o n s t r a t e  t h e  
f e a e i b i l i t y  o f  u t i l i z i n g  t h e  s e n s o r  f o r  - 
o r b i t a l  s e l e n o d e s y ,  t h e  s i m u l a t i o n  param-  
e t e r s  a r e  a l s o  r e l e v a n t  f o r  t h e  p r o b l e m  o f  
a i r b o r n e  g e o d e s y .  T h e  s a m e  l a b o r a t o r y  
p a r a m e t e r s  a l s o  s i m u l a t e  a n  a i r c r a f t  f l y -  
- 
i n g  a t  6 0 0  k m l h o u r  a t  3  km a l t i t u d e .  
( R a t h e r  f a s t  f o r  a i r b o r n e  g e o p h y s i c a l  
p r o s p e c t i n g ,  b u t  w i t h i n  t h e  r i g h t  r a n g e . )  
F i g .  7 .  Hass f l y b y  d r i v e  a n d  t r a c k .  
I n  t h e  l a b o r a t o r y  t e s t s  t h e  s e n s o r  v a s  
s u s p e n d e d  by a n  e l a s t i c  s u s p e n s i o n  f r o m  en 
i r o n  r o t o r ,  w h i c h  i n  t u r n  was l e v i t a t e d  b y  
a s e r v o e o n t r o l l e d  m a g n e t i c  b e a r i n g .  Be- 
n e a t h ,  a n d  c o a x i a l  v i t h ,  t h e  m a g n e t i c  
b e a r i n g  s o l e n o i d  i s  a  p a n c a k e  m o t o r  s t a t o r  
w h i c h  a p p l i e s  t h e  r o t a t i o n  t o r q u e  t o  t h e  
r o t o r .  The s e n s o r  i s  r o t a t e d  a t  e x a c t l y  
o n e - h a l f  i t s  r e s o n a n t  f r e q u e n c y  b y  m e a n s  
of  a  s e r v o c o n t r o l l e d  a s y n c h r o n o u s  d r i v e  
s y s t e m  n s i n g  t h e  s t a b l e  r e f e r e n c e  f r e q u e n c y  
v h i c h  i s  a l s o  u s e d  by t h e  s i g n a l  p r o c e s s i n p  
e l e c t r o n i c s .  T h e  s e n s o r  d r i v e  a n d  d a t a  
r e t r i e v a l  e l e c t r o n i c s  a r e  s h o v n  i n  b l o c k  
d i a g r a m  f o r m  i n  F i g u r e  8. 
S i g n a l s  f r o m  t h e  b a r i u m  t i t a n a t e  s t r a i n  
t r a n s d u c e r  a r e  a m p l i f i e d  a n d  t r a n s m i t t e d  
f r o m  t h e  s e n s o r  t o  t h e  r e c e i v i n g  e q u i p m e n t  
o u t s i d e  t h e  r o t a t i n g  s y s t e m  by m e a n s  o f  
a n  i n t e r m e d i a t e  FM t e l e m e t r y  s y s t e m .  T h e  
r e c e i v e d  s i g n a l  i s  d e m o d u l a t e d  a n d  f e d  i n t o  
a n u l l i n g  c i r c u i t  v h e r e  t h a t  p o r t i o n  o f  t h e  
p h a s e  c o h e r e n t  s i g n a l  d u e  t o  t h e  c o n s t a n t  
m a s s  d i s t r i b u t i o n  o f ' t h e  l a b o r a t ~ r y ,  mag- 
n e t i c  e f f e c t s ,  a n d  . l i g h t  p r e s s u r e  e f f e c t s  
i s  b i a s e d  o u t  v i t h  a  p h a s e  a n d  a m p l i t u d e  
a d j u s t e d  p o r t i o n  o f  t h e  r e f e r e n c e  s i g n a l .  
T h i s  n u l l e d  s i g n a l  i m  t h a n  f e d  i n t o  t v o  
p h a s e  P r i n c e t o n  A p p l i e d  R e a e a r c h  l o c k - i n  
a m p l i f i e r  (Model  J B - 6 ) .  v h i c h  r e a d s  t h e  
c o h e r e n t  p o r t i o n  o f  t h e  s i g n a l  a t  
t h e  s e n s o r  r o t a t i o n  s p e e d .  T h e  JB-6 c a n  
r e a d  t h e  a m p l i t u d e  o f  t h i s  s i g n a l  a t  a n y  
c h o s e n  p h a s e  a n g l e  v i t h  r e s p e c t  t o  t h e  
r e f e r e n c e .  A q u a d r a t u r e  m e t e r  a l s o  r e a d s  
t h e  s i g n a l  a t  9 0 °  t o  t h i s  a m p l i t u d e .  T h e  
s i g n a l s  a t  O 0  a n d  9 0 -  v e r e  a d d e d  v e c t o r i a l -  
l y  by t h e  Cartesian t o  p o l a r  t r a n s l a t o r  
t o  d e t e r m i n e  t h e  a m p l i t u d e  a n d  p h a a e  o f  
t h e  s e n s o r  s i g n a l  g e n e r a t e d  b y  t h e  t e a t  
m a s s e s .  D u r i n g  t h e  t e s t s .  t h r e e  d a t a  
o u t p u t s  - a m p l i t u d e ,  i n - p h a s e ,  a n d  
q u a d r a t u r e  - v e r e  r e c o r d e d  on g r a p h  p a p e r  
by t h r e e  x-y p l o t t e r s .  T h e s e  p l o t s  c o n -  
s t i t u t e  t h e  b a s i c  e x p e r i m e n t a l  d a t a .  
T h e  f r e q u e n c y  o f  t h e  aenmor  umed f o r  t h e  
s i m u l a t i o n  v a s  3 2  Hz  ( r o t a t i o n  s p e e d  o f  
1 6  r p s  - 9 6 0  r p m ) .  T h e  Q v a s  400.  v h i c h  
g a v e  a  s e n a o r  t i m e  c o n s t a n t  of  s p p r o x i -  
m a t e l y  4 a e c .  T h e  o u t p u t  o f  t h e  s e n s o r  
v e a  p a s s e d  t h r o u g h  a  t v o - s t a g e  3 s e c  R C  
f i l t e r  v h i c h  i n c r e a s e d  t h e  e f f e c t i v e  i n t e -  
g r a t i o n  t i m e  t o  a p p r o x i m a t e l y  6  e e c .  T h e  
s e n s o r  f o r  t h e  s e l e n o d e s y  s a t e l l i t e  v o u l d  
h a v e  a  l o v e r  f r e q u e n c y  a n d  l o v e r  Q, b u t  
a p p r o x i m a t e l y  t h e  s a m e  i n t e g r a t i o n  t i m e .  
T h u s ,  t h e s e  e x p e r i m e n t a l  s i m u l a t i o n s  v e r e  
r u n  v i t h  a i g n a l  p r o c e s s i n g  p a r a m e t e r s  t h a t  
v e r e  q u i t e  r e a l i s t i c .  a a  t h e r e  v e r e  d e f i -  
n i t e  e f f e c t s  o n  t h e  d a t a  d u e  t o  t h e  f i n i t e  
d e l a y  a n d  i n t e g r a t i o n  t i m e  of  t h e  s e n s o r  
a n d  i t s  e l e c t r o n i c s ,  a n d  t h e  c o m p u t e r  p r o -  
g r a m  had  t o  t a k e  t h e s e  t i m e  c o n s t a n t e  i n t o  
a c c o u n t  t o  f i t  t h e  e x p e r i m e n t a l  d a t a .  
NOISE AND DRIFT  TEST(^^) 
One o f  t h e  tests  r u n  o n  t h e  s e n s o r  was  t o  
s i m p l y  m e a s u r e  t h e  s e n s o r  o u t p u t  f o r  
a p p r o x i m a t e l y  1 0 0 0  s e c .  C a r e  v a s  e x e r -  
c i s e d  t o  p r e v e n t  a n y  v a r i a t i o n s  i n  t h e  
g r a v i t y  f i e l d  o f  t h e  r o o m  ( a  p e r s o n  p a s s i n g  
3 i t  a v a y  v o u l d  a d d  s i g n i f i c a n t l y  t o  t h e  
s e n s o r  o u t p u t ) .  T h e  a m p l i t u d e  d a t a  t a k e n  
d u r i n g  t h i s  t e n t  a r e  s h o v n  i n  F i g u r e  9 .  
T h e  a v e r a g e  s l o p e  o f  t h e  c u r v e  i a  1 . 4  E . U . 1  
m i n .  v h i c h  r e p r e s e n t s  t h e  g e n e r a l  d r i f t  
r a t e  o f  t h e  s y s t e m .  T h e  d r i f t  i s  known t o  
b e  c a u s e d  by t e m p e r a t u r e  v a r i a t i o n s  i n  t h e  
m a g n e t i c  l e v i t a t i o n  s y s t e m ,  w h i c h  c a u s e  t h e  
s e n s o r  t o  b e  r a i s e d  o r  l o w e r e d  s l i g h t l y  i n  
t h e  b a c k g r o u n d  g r a d i e n t  f i e l d  o f  t h e  room. 
T h e  s t a n d a r d  d e v i a t i o n  o f  t h e  r a n d o m  n o i s e  
s u p e r i m p o s e d  o n  t h e  l i n e a r  d r i f t  v a s  
m e a s u r e d  a s  
a = 4 E . U .  f o r  T = 3  s e c  (8 )  
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F i g .  8 .  S y s t e m  block d i a g r a m .  
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F i g .  9 .  A m p l i t u d e  d a t a .  
FLYBY SIMULATION T E S T S  
~ o e t  o f  our  t e s t s  on t h i s  program ( I 1 )  were 
s i m u l a t i o n  t e s t s  o f  t h e  s e n s o r  o r b i t i n g  
over  v a r i o u s  mass  d i s t r i b u t i o n s  a t  v a r i o u s  
d i s t a n c e s .  For each  t e s t  t h e  mass c a r r i e r  
was s topped a t  one end o f  i t s  t r a c k  and t h e  
mass spac ing  and p o s i t i o n  were a d j u s t e d  t o  
t h e  d e s i r e d  c o n f i g u r a t i o n .  The s e n s o r  
b i a s  t h e n  was a d j u s t e d  t o  g i v e , a  minimum 
r e s p o n s e .  Four r u n s ,  e a c h  abou t  85 s e c  
l o n g ,  were made, two i n  e a c h  d i r e c t i o n ,  
w i t h  no a d j u s t m e n t  t o  t h e  b i a s  u n t i l  t h e  
b e g i n n i n g  o f  t h e  n e x t  s e t  o f  r u n s .  The 
v a r i a t i o n s  i n  t h e  b i a s  d u r i n g  t h e  s e t  o f  
f o u r  runs  u s u a l l y  were  q u i t e  s m a l l ,  b u t  
e v e n  a  f e w  E.U. change cou ld  be i d e n t i f i e d  
e a s i l y  when t h e  e x p e r i m e n t a l  p l o t s  were 
compared w i t h  t h o s e  p r e d i c t e d  b y  t h e  
computer program. 
I n  a l l  o f  t h e  f o l l o w i n g  c u r v e s ,  t h e  s o l i d  
l i n e  i s  a  t r a c e  o f  t h e  r e c o r d e r  p l o t s  
showing t h e  o u t p u t  o f  t h e  s e n s o r  a s  a  
f u n c t i o n  o f  t i m e .  The f i r s t  c u r v e  i s  t h e  
a m p l i t u d e  o f  t h e  s e n s o r  r e s p o n s e . ,  t h e  
second i s  t h e  s i n e  or i n - p h a s e  r e s p o n s e ,  
and t h e  t h i r d  i s  t h e  c o s i n e  or q u a d r a t u r e  
r e s p o n s e .  The d o t t e d  l i n e s  a r e  a  p l o t  o f  
t h e  t h e o r e t i c a l  p r e d i c t i o n  o f  t h e  s e n s o r  
o u t p u t  w i t h  t i m e .  The computer  program 
used t o  o b t a i n  t h e  t h e o r e t i c a l  c u r v e s  was 
deve loped  i n  1967 by  D .  Berman, ( 1 2 )  modi- 
f i e d  t o  i n c l u d e  t h e  e f f e c t s  o f  a f i n i t e  
sensor  t i m e  c o n s t a n t  and t o  p r o v i d e  a  
d i r e c t  p l o t  o f  t h e  computer  o u t p u t .  The 
b i a s  l e v e l s  used i n  t h e  computer  program 
t o  o b t a i n  t h e  b e s t  f i t  t o  t h e  e x p e r i m e n t a l  
c u r v e s  f o r  t h e  in -phase  and q u a d r a t u r e  
c h a n n e l s  a r e  p r i n t e d  a t  t h e  t o p  o f  t h e  
p l o t s .  A d i f f e r e n c e  o f  1  E . U .  u s u a l l y  gave 
a  s i g n i f i c a n t  d i f f e r e n c e  i n  f i t  t o  t h e  e x -  
p e r i m e n t a l  c u r v e .  
S i n g l e  Mass F lyby  T e s t  
A s i n g l e  mass (15 .493  k g )  was mounted on 
t h e  c e n t e r  pos t  o f  t h e  mass c a r r i e r  i n  t h e  
approx imate  r o t a t i o n  plane o f  t h e  s e n s o r  
and " f l o w n  b y "  t h e  s e n s o r .  The t e s t  was 
r e p e a t e d  a t  2 i n .  h e i g h t  i n c r e m e n t s  above 
t h e  s e n s o r  r o t a t i o n  plane t o  a  f i n a l  h e i g h t  
o f  18 i n .  The purpose  o f  t h i s  t e s t  was t o  
v e r i f y  e x p e r i m e n t a l l y  t h e  c o s 2 0  s e n s o r  
r e s p o n s e  f u n c t i o n  f o r  masses  t o  one or t h e  
o t h e r  s i d e  o f  t h e  o r b i t a l  t r a c k .  The 
r e s p o n s e  t o  a  s i n g l e  mass r i g h t  on t h e  
o r b i t a l  t r a c k  i s  shown i n  F i g u r e  10 .  
I I 
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F i g .  1 0 .  S i n g l e  mass f l y b y  t e s t .  
During t h e s e  f i r s t  t e s t s  t h e  s e n s o r  sup- 
por t  mechanism had n o t  comple ted  i t s  warm- 
u p ,  and t h e r e  was c o n s i d e r a b l e  s e n s o r  b i a s  
i n  each c h a n n e l .  The computer  r e s p o n e e  
gave t h e  b e s t  f i t  when t h e  b i a s  was 
assumed t o  be 3 E . U .  i n  t h e  i n - p h a s e  chan-  
n e l  and 7 E.U. i n  t h e ,  q u a d r a t u r e  c h a n n e l .  
T h i s  r e l a t i v e l y  h i g h  r e s i d u a l  b i a s  l e v e l  
i s  t h e  c a u s e  o f  t h e  u n u s u a l  shape o f  t h e  
a m p l i t u d e  c u r v e ,  wh ich  w i t h o u t  b i a s  would 
be a  s i m p l e  s i n g l e  peaked c u r v e ,  s l i g h t l y  
skewed by t h e  s y s t e m  t i m e  d e l a y .  
Two Mass  F l y b y  ( H o r i z o n t a l  S e p a r a t i o n )  
A s e c o n d  s e t  of c u r v e s  was  t a k e n  w i t h  two 
a p p r o x i m a t e l y  e q u a l  m a s s e s  ( 1 4 . 3 8 6  a n d  
1 5 . 4 9 3  k g )  t h a t  w e r e  f l o w n  by  i n  t h e  p l a n e  
of t h e  s e n s o r  w i t h  h o r i z o n t a l  s e p a r a t i o n  
d i s t a n c e s  x  of  f r o m  1 8  t o  24 .5  i n .  ( s e e  
F i g u r e  1 1 ) .  A s  e x p e c t e d ,  i t  was  e a s y  t o  
i d e n t i f y  t h e  s e p a r a t e  p e a k s  when t h e  two 
m a s s e s  w e r e  s e p a r a t e d  by  more  t h a n  t h e  s e n -  
s o r  d i s t a n c e  ( 1 8 . 5  i n . ) .  The  c u r v e  i n  
F i g u r e  1 2  shows  t h e  r e s p o n s e  f o r  24.5 i n .  
s e p a r a t i o n .  The  r e s p o n s e  i s  n o t  o n l y  d o u b l e  
l o b e d ,  i n d i c a t i n g  t h a t  t h e r e  a r e  two m a s s e s ,  
b u t  t h e  f i r s t  l o b e  i s  a  f e w  E . U .  l o v e r ,  i n -  
d i c a t i n g  t h a t  t h e  f i r s t  m a s s  t h a t  p a s s e d  
was  l e s s  m a s s i v e  t h a n  t h e  s e c o n d .  When t h e  
s e p a r a t i o n  was d e c r e a s e d  t o  1 8  i n .  ( s e e  
F i g u r e  1 3 ) .  h o w e v e r ,  i t  became  d i f f i c u l t  t o  
d e t e r m i n e  f r o m  t h e  s e n s o r  r e s p o n s e  w h e t h e r  
t h e r e  w e r e  two d i s t i n c t  m a s s e s .  T h e o r e t i -  
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c a l l y ,  i f  t h e r e  w e r e  a  g r e a t  d e a l  o f  a 
p r i o r i  i n f o r m a t i o n  a b o u t  t h e  s t r u c t u r e  
b e i n g  o b s e r v e d ,  t h e  r e s p o n s e  c o u l d  b e  un-  
f o l d e d  u s i n g  t h e  s e n s o r  r e s p o n s e  c h a r a c t e r -  
i s t i c s ;  p r a c t i c a l l y ,  h o w e v e r ,  t h e s e  e x -  
p e r i m e n t a l  r e s u l t s  d e m o n s t r a t e  t h a t  t h e  
d i r e c t i o n a l  r e s o l u t i o n  o f  a  g r a v i t y  
g r a d i o m e t e r  i s  no  b e t t e r  t h a n  t h a t  o f  a  
g r a v i t y  m e t e r ,  a n d  t h a t  a t  30  km f r o m  a  
m a s s  d i s t r i b u t i o n  t h e  r e s o l u t i o n  w i l l  b e  
a p p r o x i m a t e l y  3 0  km. 
14.ie6 IIQ 
--- --------- & I I PLANE ROTATION SENSOR 
F i g .  11. Two m a s s  f l y b y  ( h o r i z o n t a l  
s e p a r a t i o n .  
r I I ' 





F i g .  1 2 .  Two mass  h o r i z o n t a l  s e p a r a t i o n  F i g .  1 3 .  Two mass  h o r i z o n t a l  s e p a r a -  
f l y b y  t e s t  ( 2 4 . 5  i n .  s e p a r a t i o n  t i o n  f l y b y  t e s t  ( 1 8  i n .  
d i s t a n c e ) .  s e p a r a t i o n  d i s t a n c e .  
T h r e e  M a s s  F l y b y  
A s y s t e m  o f  t h r e e  m a s s e s  i n  a  t r i a n g u l a r  
a r r a y ,  s i m u l a t i n g  a  m o r e  c o m p l e x  m a s s  
d i s t r i b u t i o n  ( s e e  F i g u r e  1 4 )  was f l o w n  
by t h e  s e n s o r  a t  h e i g h t s  r a n g i n g  f r o m  0  t o  
1 8  i n .  a t  2 i n .  i n t e r v a l s .  The  p l a n e  o f  
t h e  t h r e e  m a s s e s  w a s  m a i n t a i n e d  a t  t h e  f l y -  
by d i s t a n c e  o f  1 8 . 5  i n .  f r o m  t h e  s e n s o r .  
The d a t a  t a k e n  a t  h  = 0 ,  w h e r e  t h e  s e n s o r  
p a s s e s  f i r s t  o v e r  t h e  5 . 6 6  k g  m a s s  a n d  
t h e n  o v e r  t h e  1 4 . 4  kg  m a s s ,  a r e  shown i n  
F i g u r e  1 5 .  The s m a l l e r  m a s s  s h o w s  u p  a s  
a  d e f i n i t e  bump o n  t h e  s i d e  o f  t h e  r e s p o n s e  
f r o m  t h e  l a r g e r  m a s s .  
The p l o t  f o r  a  s e n s o r  p a s s i n g  a t  1 0  i n .  
b e l o w  t h e  5 . 6 6  a n d  1 4 . 4  k g  m a s s e s  ( a n d  4  
i n .  a b o v e  t h e  1 5 . 5  k g  m a s s )  i s  shown i n  
F i g u r e  1 6 .  The r e s p o n s e  i s  s i m i l a r  t o  
t h a t  f r o m  a s i n g l e  1 5  k g  m a s s ,  b u t  d e t a i l e d  
c o m p a r i s o n  w i t h  t h e  s i n g l e  m a s s  f l y b y  
c u r v e  ( F i g u r e  1 0 )  s h o w s  t h a t  i t  i s  b r o a d e r ,  
i n d i c a t i n g  a  m o r e  c o m p l e x  m a s s  d i s t r i b u t i o n .  
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F i g .  1 4 .  T h r e e  m a s s  f l y b y .  
F i g .  1 5 .  T h r e e  m a s s  f l y b y  t e s t  ( h  = 
0 i n . ) .  
F i g .  1 6 .  T h r e e  m a s s  f l y b y  t e s t  ( h  = 
1 0  i n . ) .  
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CONCLUSIONS 
The  r e s u l t s  o f  t h e  n o i s e  a n d  d r i f t  t e s t ,  
a n d  t h e  c o m p a r i s o n  o f  t h e  e x p e r i m e n t a l  
s i m u l a t i o n  t e s t s  w i t h  t h e  t h e o r e t i c i l  
p r e d i c t i o n s ,  c o n £  i r m  t h a t  t h e  r o t a t i n g  
g r a v i t y  g r a d i o m e t e r  i s  c a p a b l e  o f  e x t r a c t -  
i n g  i n f o r m a t i o n  a b o u t  mascon  d i s t r i b u t i o n s  ( 5  
f r o m  l u n a r  o r b i t ,  a n d  t h a t  t h e  p r e s e n t  
s e n s i t i v i t y  o f  t h e  s e n s o r  i s  a d e q u a t e  f o r  
l u n a r  o r b i t a l  s e l e n o d e s y .  The  e x p e r i m e n t a l  
work  a l s o  v e r i f i e d  o u r  a n a l y t i c a l  a n d  
c o m p u t e r  m o d e l s ( l 0 - 1 2 )  f o r  t h e  d i r e c t i o n a l  
a n d  t i m e  r e s p o n s e  o f  t h e  s e n s o r .  T h e s e  
a n a l y t i c a l  m o d e l s  c a n  b e  u s e d  t o  c a l c u l a t e  
t h e  r e s p o n s e  o f  t h e  s e n s o r  t o  v a r i o u s  ( 6 )  
m a s s  d i s t r i b u t i o n s  a n d  t o  d e t e r m i n e  t h e  
e x t e n t  o f  t h e  i n f o r m a t i o n  o b t a i n a b l e  con -  
c e r n i n g  t h e  m a s s  d i s t r i b u t i o n  f r o m  m e a s u r e -  
m e n t s  of  t h e  e x t e r n a l  g r a v i t a t i o n a l  g r a d i e n t  
f i e l d .  One r e c e n t  e x a m p l e ( l O )  was  t h e  ( 7 )  
v e r i f i c a t i o n  f o r  t h e  Arms C o n t r o l  a n d  
D i s a r m a m e n t  Agency  t h a t  g r a v i t y  g r a d i o m e t e r  
m e a s u r e m e n t s  a r o u n d  t h e  w a r h e a d  o f  a  s i l o  
e m p l a c e d  m i s s i l e  c a n  d e t e r m i n e  t h e  p r e s e n c e  
of  m u l t i p l e  r e - e n t r y  v e h i c l e s  w i t h i n  t h e  
w a r h e a d  s h r o u d .  
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